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 Abstract 
 
 
Optical switching has been proposed as an effective solution to overcoming 
the potential electronic bottleneck in all-optical network nodes carrying IP 
over WDM. The solution builds on the use of optical labelling as a mean to 
route packets or bursts of packets through the network. In addition to the 
selected wavelength, a short label of fixed length can be added to the 
information flow in order to be processed in intermediate nodes. 
 
The main advantage of this approach is the ability to route packets or bursts 
independently of bit-rate, packet format and packet length, increasing 
network flexibility and granularity. In this thesis the systems aspects of 
optical labelling will be investigated for several labelling techniques, in order 
to identify the strengths and drawbacks of each one with respect to system 
performance. 
 
Orthogonal labelling has been proposed as one of the potential labelling 
techniques. It is based on the transmission of two types of modulation on the 
same optical carrier. The orthogonal nature of the signal ensures that the label 
and the payload would be able to be detected independently of each other.  
 
In order to asses the limits and possibilities of such schemes, several 
orthogonal labelling schemes will be investigated with regard to generation, 
transmission, wavelength conversion and label swapping. The resulting 
subsystems are then combined in order to emulate the functionalities of a 
network node within a transmission system. 
 
The two main addressed labelling schemes are the IM/DPSK and the IM/FSK 
schemes. In IM/DPSK the payload is modulated in the intensity of the carrier, 
while the label is differentially encoded on its phase. The IM/FSK labelling 
scheme, on the other hand, modulates the payload on the intensity, while the 
label is modulated on the frequency of the signal. Other labelling techniques 
are also presented and analyzed, including carrier-suppressed sideband 
labelling and the DPSK/IM scheme that interchanges the roles of the 
modulation formats from the IM/DPSK scheme. A mention on time-serial 
labelling is done with regard to wavelength conversion and an experimental 
assessment of a packet switching node. 
 
Several methods for generating the labelled signals are studied. For the FSK 
transmitter, a novel method is presented, which is based on direct modulation 
of a DFB laser, accompanied by an intensity stabilization using the 
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conjugated data on a EAM. The receiver performance is also analyzed with 
respect to several filtering schemes. 
 
A major performance limitation of orthogonal labelling comes from the 
crosstalk between the two modulation formats induced by the simultaneous 
amplitude and phase/frequency modulation on the same optical carrier. The 
receiver sensitivity of the IM signal improves as the IM extinction ratio is 
increased, while the sensitivity of the DPSK or FSK label deteriorates. Thus, 
the IM extinction ratio has to be optimized in order to correctly detect the 
information in the phase or frequency modulation. This requirement on the 
IM extinction ratio limits the network scalability and the system transparency 
to signal format. However, the need to use a poor extinction ratio can be 
completely eliminated by utilizing special line coding on the IM signal, such 
as Manchester coding  or 8B/10B coding. 
 
The degradation of the orthogonal modulation formats, due to transmission 
over fiber spans, is compensated in single channel and WDM systems. 
Several compensation schemes are compared and limits to channel spacing 
and receiver performance are identified. The stabilization of filtering process 
throughout the systems are shown to be of importance.  
 
Wavelength conversion of orthogonally labelled signals is performed on 
passive and active devices. In HNLF both the FWM and XPM effects are 
exploited in order to achieve wavelength conversion of 40 Gb/s signals. 
Active devices as SOA, EAM and SOA-MZI are also investigated for 
wavelength conversion of labelled signals. Most of the employed wavelength 
conversion processes are only sensitive to the amplitude of the incoming 
signal, and can therefore effectively be used for label erasure. Label insertion 
can in some cases also be done in the same device, thus performing label 
swapping and wavelength conversion in a single device. However, this 
method is unable to re-use the same wavelength for the output signal, and 
requires a fast tunable filtering scheme at the network node. These limitations 
are overcome by performing wavelength conversion and label swapping in a 
double stage system, that makes use of an intermediate wavelength between 
label erasure and label insertion. 
 
The above mentioned functionalities are assembled in whole network 
systems experiments that validates the different labelling schemes with 
respect to transmission, wavelength conversion, label swapping and re-
transmission. Optical labelling and specially the orthogonal schemes for 
optical labelling, are thus shown to be an effective solution to all-optical 
networks.  
 
Resumé 
 
Optisk switching er blevet foreslået som en effektiv løsning til den mulige 
elektroniske flaskehals i alt-optiske netværks knudepunkter, som behandler 
IP over WDM. Løsningen bygger på brugen af optiske mærker til at dirigere 
pakker eller bursts af pakker gennem netværket. Udover den valgte 
bølgelængde kan et kort mærke af fast længde blive lagt til 
informationsstrømmen, så den kan blive processeret i de mellemliggende 
knudepunkter. Den største fordel ved denne løsning er muligheden for at 
dirigere pakker eller bursts af pakker uafhængig af bit-hastighed, pakke-
format eller pakke-længde. Derved forøges netværkets fleksibilitet og 
granularitet. Denne ph.d. afhandling omhandler systemaspekterne ved optisk 
mærkning. Flere optiske mærkningsmetoder er blevet undersøgt, med henblik 
på at finde fordele og ulemper med hensyn til deres system præstationsevne. 
 
Ortogonal mærkning er blevet foreslået som en af de lovende 
mærkningsteknikker. Den er baseret på transmissionen af to typer af 
modulationer på samme optiske bærebølge. Signalets ortogonale natur 
garanterer at mærke og nyttelast vil kunne modtages uafhængigt af hinanden.  
 
For at kunne måle begrænsningerne og mulighederne for  disse metoder er 
flere sådanne ortogonale markeringsmetoder blevet undersøgt med hensyn til 
frembringelse, transmission, bølgelængdekonvertering og mærkeombytning. 
Derefter, bliver de resulterende under-systemer samlet med henblik på at 
efterligne funktionaliteterne, som et netværksknudepunkt ville have i et 
transmissionssystem. 
 
De to mærkningsmetoder, som får den største opmærksomhed, er IM/DPSK 
og IM/FSK metoderne. I IM/DPSK er nyttelast moduleret på signalets 
intensitet, medens mærket er differential-kodet på fasen af den optiske 
bærebølge. I modsætning hertil, består IM/FSK metoden af en nyttelast som 
også er intensitetsmoduleret, medens mærket denne gang er moduleret på 
signalets optiske frekvens. Andre mærkningsmetoder er imidlertid også 
præsenteret og analyseret. Blandt andet carrier-suppressed sideband 
mærkning og DPSK/IM metoden, som ombytter modulationsformaterne 
mellem mærke og nyttelast, i forhold til IM/DPSK metoden. Time-serial 
metoden til mærkning bliver også nævnt hvad angår 
bølgelængdekonvertering og målinger på et eksperiment omkring et pakke-
switching knudepunkt. 
 
Flere metoder til frembringelse af mærkede signaler bliver studeret. En ny 
metode for FSK senderne præsenteres, som er baseret på direkte modulation 
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af en DFB laser sammen med undertrykkelse af intensitetsvariationer ved 
hjælp af en EAM. Modtagerens præstationsevne bliver også studeret med 
hensyn til flere filtreringsmetoder.  
 
En af de største begrænsninger ved ortogonal mærkning er krydstale mellem 
de to modulationsformater. Intensitetsmodulationens modtagerfølsomhed 
bliver forøget, når dennes udslukningsforhold forbedres, medens 
følsomheden for DPSK eller FSK mærket forværres. Derfor er det vigtigt at 
optimere intensitetsmodulationens udslukningsforhold for at modtage 
mærkets information. Denne begrænsning på  intensitetsmodulationens 
udslukningsforhold betyder, at netværkets skalerbarhed og systemets 
uafhængighed med hensyn til signal format bliver reduceret. På den anden 
side kan man undgå dette ellers nødvendige begrænsede udslukningsforhold 
ved  at benytte specielle kodningsmetoder for intensitetsmodulationen, som 
for eksempel Manchester kodning eller 8B/10B kodning. 
 
Påvirkningen af transmission på de ortogonalt modulationerne signaler bliver 
målt i enkelt kanal og WDM systemer. Flere kompensations metoder er 
sammenlignet, og begrænsninger i kanalafstand samt 
modtagerpræstationsevne bliver målt. De optiske filtres stabilitet og 
indflydelse under filtreringsprocessen gennem hele systemet viser sig at have  
stor betydning. 
 
Bølgelængdekonvertering af ortogonalt mærkede signaler er blevet udført på 
passive samt aktive komponenter. I HNLF bliver både FWM og XPM brugt 
til bølgelængdekonvertering af 40 Gb/s signaler. Aktive komponenter som 
SOA, EAM og SOA-MZI er også undersøgt til bølgelængdekonvertering af 
ortogonalt mærkede signaler. De fleste af de benyttede 
bølgelængdekonverteringsmetoder reagerer kun på intensiteten af det 
indkommende signal, og kan derfor effektivt  benyttes som 
mærkeudviskning. Mærkeindsætning kan nogle gange også foretages i den 
samme komponent, og på den måde kan man opnå mærkeombytning og 
bølgelængdekonvertering i en og samme komponent. Dette fører imidlertid 
til, at man ikke kan benytte den samme bølgelængde for outputsignalet, og 
desuden kræves en hurtig tunbar filtermetode i netværksknudepunkterne. 
Disse begrænsninger kan overvindes ved at anvende 
bølgelængdekonvertering og mærkeombytning i et to-trins system, som 
benytter en mellemliggende bølgelængde mellem udviskning og indsætning. 
 
Alle disse funktionaliteter bliver så sat sammen i et helt 
netværkssystemeksperiment, som demonstrerer de forskellige metoder til 
transmission, bølgelængdekonvertering, mærkeudskiftning og gen-
transmission  som et samlet hele. Optisk mærkning og specielt de ortogonale 
metoder for optisk mærkning er derved vist at være en effektiv løsning til alt-
optiske netværk. 
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Chapter 1  
 
Introduction 
 
 
 
Despite the recent slowdown in the telecommunications industry, the amount 
of packet-based data traffic in today’s telecommunication networks is still 
increasing steeply [1], [2]. The continuing growth of the Internet and the 
introduction of high-bit rate wavelength division multiplexing (WDM) 
connections in metro and backbone networks, is increasing the amount of 
data that has to be handled by Internet protocol (IP) routers [3]. Current 
electronic packet switches can handle high bit-rates, and their development is 
still increasing their capacity [4]. However, the demand and availability of 
bandwidth is raising at a much faster rate [5]. The need for effective and 
flexible switching solutions will therefore become more evident, in the sense 
that these increasing transmission rates will eventually create a bottleneck at 
the switching nodes [6], [7].  
 
IP packet-based data traffic is currently carried over WDM, with SDH and/or 
ATM as the intermediate layers, while avoiding these intermediate layers by 
carrying IP directly over WDM would yields more efficient networks [8]. A 
novel approach termed lambda labelling or multi-protocol lambda switching 
(MPλS) has been presented for direct IP-over-WDM transport [9]. The 
scheme has been derived from the multi-protocol label switching (MPLS) 
protocols [10] and the label-switching concept to provision wavelength-
switched channels. This technique uses the transmitted wavelength as a 
source of information about the packet. Optical packets are switched to other 
wavelengths at the network nodes and wavelength routers in the core nodes 
guide the packets along the appropriate network paths, while the label 
swapping can be done by wavelength converters [8]. 
 
However, in addition to the optical wavelength that can serve as an optical 
label in MPλS schemes, a second level of optical label is still necessary for 
provisioning, maintaining, and restoring switched light-paths [5].  
 
Label switching would enable the implementation of packet routing and 
forwarding functions in IP-over-WDM [9]. At the same time it would  
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support high bit-rates for payload data transmission, while employing low 
speed electronics in the core nodes for label processing. Labels would be 
received and swapped at every node, while the payload information would be 
transparently forwarded with possible wavelength conversion [12]. 
 
Therefore, recent proposals [13], [14], [15] suggest to have two optical levels 
of packet labels. One level would be the wavelength to be assigned to the 
data stream. The second one would be an information label added along with 
the payload data using a particular modulation scheme different from the one 
used by the payload. In the edge nodes, both the wavelength and the label 
would be set and assigned to packets (or bursts of packets) according to their 
destination and/or class of service. In the network’s core nodes, the 
wavelength and/or the label would be used for routing the packets, and would 
be able to be swapped [16], [17], [18].  
 
All-optical packet switching using an optical label is being regarded as 
having a great potential in future IP-over-WDM networks in order to remove 
the bottleneck of IP packet routing [19], [20], [21]. By this method, 
individual packets could be switched through an optical network element 
without being converted from optical to electronic format [8]. An important 
characteristic and challenge of such an approach would be to enable 
transmitting payload information at high bit rates, while at the same time 
allowing label information to be easily extracted from the bit stream. The 
optical label format should be carefully chosen to satisfy such requirements 
[12].  
 
 
1.1   Optical labelling methods 
 
Several techniques have been proposed for labelling optical packets or burst 
of packets, amongst them time-serial labelling, [23], optical code division 
multiplexing (OCDM) labelling [24] and WDM labelling [7].  In the first two 
methods, the label is attached to the payload at the same wavelength channel 
as the one carrying these payload data, whereas in the third method, a 
separate wavelength channel is used to carry the labels.  
 
The optical label can also be realized by a parallel modulation technique, 
meaning that the label would have a different modulation format than the 
payload, while being transmitted at the same carrier. The main advantages of 
the parallel techniques rely on the fact that the label data can be modulated at 
a significantly lower rate and separated from the payload by the type of 
modulation. Generally, the parallel modulation techniques for the label can 
be performed by subcarrier multiplexing [15], [25] or by an angle modulation 
that is orthogonal to the intensity modulated (IM) payload [16], [26], [27]. In 
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this context, orthogonal implies that the label and the payload can be detected 
independently of each other. 
 
 
 Time-serial labelling 
 
In time-serial labelling (also called bit-serial labelling) the label information 
is attached in the time domain, by inserting it in front of the payload, 
separated by some guard time [28]. The payload and the attached label are 
encoded on the same wavelength carrier, as shown in fig. 1.1.  
 
 
Fig. 1.1. Serial transmission of label and payload on a single wavelength. 
 
The label information can be read and reinserted by O/E/O conversion, which 
would require reasonably fast 2×2 optical switches. The time-serial labels can 
also be swapped by optical means. Two techniques have been reported: 
wavelength conversion in a fiber loop mirror structure [29], or by optical 
XOR operations in an SOA-MZI wavelength converter [30]. 
 
However, a very careful synchronization for label and payload is required for 
label extraction and reinsertion of a new label, as well as for contention 
resolution purposes. This can be complex to achieve for optical channels 
arriving to a packet switching node from different origins. 
 
Furthermore, bit serial multiplexing, imposes stringent processing 
requirements in the nodes, especially when the label rate is a high-speed 
signal, but on the other hand it is bandwidth wasting when label rate is a low 
rate signal [31], [32], [34].  
 
 
 WDM labelling 
 
Another possibility is to aggregate all the label information for several WDM 
data channels on a single separate wavelength [35], [36], [37], as shown in 
fig. 1.2. This method was already adopted in [7].  
 
Its advantage is the capability to separate the switching from the control 
plane, allowing easy label data extraction, detection and processing. As only 
the common label-wavelength channel needs to be inspected for label 
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processing and routing, the method would benefit from a quick and efficient 
single forwarding algorithm. In addition, a serious amount of high-speed 
O/E/O converters are avoided, as the payload data channels are delayed until 
the end of the electronic processing.  
 
 
 
 Fig. 1.2. Single WDM channel carrying all the labels for all the bursts. 
 
However, the main disadvantage of this technique lays in the strict 
synchronisation of the individual label signals with the respective payload 
channels that needs to be maintained.  It should also be ensured that the label 
reaches the nodes sufficiently earlier than the corresponding data packets in 
order to set the switches to the required state and to prepare the transmission 
of new packets on the idle wavelengths. Chromatic dispersion in the fibre 
links may affect this strict synchronisation by introducing group velocity 
differences between the label-channel and the various payload channels. 
 
 
 OCDM labelling 
 
Optical code division multiplexing (OCDM) has been proposed for labelling 
in optical networks [24], [38]. In this method, the label information is 
attached by scrambling the payload with a specific code carrying the label 
information. Its implementation is quite complex. If a wavelength supports N 
OCDM codes, a bank of N optical auto-correlators per wavelength is needed 
for every channel in order to decode each possible label. This implies that a 
replica of the data of every channel should be provided to every 
auto-correlator of the bank. The number of network nodes is furthermore 
upper bounded by the nature of the code [39].  
 
However, OCDM labelling offers possibilities to be combined with WDM 
(WDM sub-bands) and OTDM transmission techniques. An experiment of 
WDM-to-OTDM and back of 4×10 Gb/s OCDM coded channels was 
published in [38]. 
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 SCM labelling 
 
Sub-carrier multiplexing (SCM) has been investigated as a possible 
implementation option of parallel payload-label multiplexing [40], [41], [42], 
where labelling information is carried on subcarrier frequency along with the 
payload data [15]. By intensity-modulating the subcarrier label on the optical 
carrier, two subcarrier sidebands next to the base-band will appear centered 
around the optical carrier, as shown in fig. 1.3. The wavelength channels 
need to be spaced at least by twice the subcarrier frequency.  
 
ν=c/λ
channel
λ1
payload
subcarrier
label
channel
λ2
channel
λ3
fsubc 1
 
 
Fig. 1.3.  Subcarrier labelling in a multi-wavelength channel system. 
 
Reading the SCM label can be done in two ways: optical direct detection of a 
whole demultiplexed channel and converting the signal to base-band in the 
electrical domain; or alternatively, a narrow optical band-pass filter may be 
centred at the spectral location of a specific subcarrier band, thus detecting 
only the desired subcarrier information [25], [43]. Swapping of a subcarrier 
label is done in two steps: firstly erasure of the old label, and subsequently 
insertion of the new label. The sub-carrier can be suppressed by using a notch 
filter while the payload is left intact [25], [12].  
 
Advantages of SCM labelling include that the label and payload are coupled 
in the same wavelength channel, easing the bookkeeping in the routing node. 
Moreover, the label data can be completely asynchronous to the payload data, 
avoiding strict synchronisation issues.  
 
Some disadvantages are related to the fading of the subcarrier that may occur 
due to fibre dispersion [45], although, more complicated optical 
single-sideband modulation techniques have been explored to avoid the 
fading problem [46]. Furthermore, for high payload data rates, the subcarrier 
needs to be positioned at a very high frequency, which requires complicated 
electronics, and which enlarges the minimum allowed wavelength channel 
spacing.  
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 Orthogonal labelling 
 
In order to ease the above-mentioned drawbacks, the orthogonal modulation 
scheme has been proposed to all-optical labelling [16], [47]. Optical labelling 
can be achieved by a modulation which is orthogonal to the intensity 
modulated payload [48]. Therefore, if the wavelength is also kept as a label 
[8], a two-level optically labelled packet will be generated.  
 
The intensity and angle (phase or frequency) of optical wave can be 
visualized as defining a two-dimensional space.  When the payload is carried 
by intensity variations, one may code the label in the orthogonal direction in 
this space, using frequency shift keying (FSK) or phase shift keying (PSK), 
as shown schematically in fig. 1.4.  In principle, this method permits label 
coding without a significant increase the optical bandwidth of the signal.   
 
This labelling scheme relies on well known transmitters and receivers. Label 
erasure is accomplished by using a wavelength converter based on active 
devices, where only the IM payload information is transposed to a new 
wavelength channel, not the label information. Label rewriting in the FSK 
format can be done by FSK modulation of the tunable laser used as the 
wavelength converter input, while in DPSK format it would be achieved by 
means of a phase modulator following the wavelength converter. 
 
 
Fig. 1.4 . Schematic description of orthogonal modulation. 
 
This technique has a compact spectrum and is scalable to high bit-rates, as 
well as permitting an upgrade in the payload bit-rate without severe changes 
in the labelling part of the system  [49]. It enables transmitting payload 
information at high bit rates, while allowing label information to be easily 
extracted at a lower bit-rate, allowing for low-cost electronics in the network 
nodes [50]. The feasibility of combined intensity modulation and angle 
modulation has been shown in an experimental WDM network employing a 
coherent detection scheme [26].  
 
Given that the data payload is coupled to the label in the same wavelength 
channel, the bookkeeping in the routing nodes is easily done  
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Table 1.1. Comparison of labelling methods for multi-wavelength packet networks 
 
 Orthogonal 
labelling 
SCM 
labelling 
TDM  
labelling 
OCDM 
labelling 
WDM 
labelling 
Synch. of 
payload 
and label 
Not strict, at 
packet level 
Not strict, 
at packet 
level 
Moderate, 
at label 
level 
Very strict, 
at payload 
bit level 
Strict, at 
label bit 
level  
Bandwidth 
penalty 
Small 
increase in 
optical 
bandwidth 
Increase in 
optical 
bandwidth 
Increase in 
channel bit 
rate and 
optical 
bandwidth 
Very large: 
Multiple of 
payload 
rate 
Needs one 
additional 
WDM 
channel 
Label 
reading 
Demux of 
all 
λ-channels 
OE label 
detection 
for all  
λ-channels 
Demux of 
all 
λ-channels 
Demux of 
all 
λ-channels 
Demux of 
labels in 
common 
λ-channel 
Label 
erasing 
λ-demux + 
WC (XGM 
or XPM) 
λ-demux + 
XGM WC, 
or optical 
notch filter 
λ-demux + 
OE conv. 
of label 
required 
λ-demux + 
OE conv. 
of payload 
+ label + 
decoding 
OE conv. + 
time demux 
of labels in 
common 
λ-channel 
Label 
rewriting 
By FSK 
mod. of 
tunable laser 
in WC, or 
DPSK 
external 
mod. after 
WC 
By 
dual-drive 
external 
modulator, 
or driving 
SOA in 
SOA-MZI 
EO conv. 
of label 
required, + 
time mux 
of new 
label with 
payload 
EO conv. 
and decode 
of payload 
+ label 
required, + 
encoding 
with new 
label code 
OE conv. + 
time mux 
of new 
labels on 
common 
λ-channel 
Trans-
mission 
issues 
Crosstalk 
between 
payload and 
label 
Fading of 
subcarriers 
Line rate 
somewhat 
higher than 
payload bit 
rate, tight 
synch. 
High line 
rate 
Multi-
channel 
delineation 
of payload, 
chromatic 
dispersion 
 
 
Moreover, the label and data payload are decoupled regarding timing, and 
thus only synchronisation at packet level is needed, not at bit level.  
 
The disadvantages of orthogonal modulation scheme are mainly related to 
crosstalk. A limited extinction ratio on the payload is needed in order to 
minimize cross-talk between payload and label [51]. Besides, some payload 
to label crosstalk by chirp during generation and wavelength conversion 
could be expected; as well as a certain amount of  crosstalk of label to 
payload by phase (or frequency) to intensity conversion, due to dispersion 
and interferometric effects in the fiber links during propagation [68]. 
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Two schemes will be considered for orthogonal modulation. In the IM/DPSK 
scheme, the payload is intensity modulated, while the label is phase 
modulated employing differential phase shift keying (DPSK). It presents a 
compact spectrum, although at low label bit-rates the scheme imposes 
stringent requirements on the laser linewidth. Therefore, the scheme of 
combined intensity modulation with frequency shift keying (IM/FSK) has 
also been considered [52], [47], [53].  
 
In the IM/FSK labelling scheme an optical FSK transmitter would impress 
the label information upon the optical carrier’s frequency through FSK 
modulation without affecting its intensity. Then the optically labelled packet 
can be formed when the payload information is modulated on the carrier’s 
intensity [54]. IM/FSK optical labelling offers a larger tolerance to the laser 
linewidth, which makes it easier to implement [16]. However, it requires 
careful fiber dispersion compensation due to its relatively larger optical 
spectrum, specially when large deviation FSK is employed [68]. 
 
The orthogonal angle/intensity modulation labelling method is extensively 
being studied in the framework of the IST–STOLAS (Switching 
Technologies for Optical Labelled Signals) research project.  
 
The presented labelling methods are summarized in Table 1.1. 
 
 
1.2   Optical networks 
 
As observed earlier, all-optical packet switching is an important technique for 
future high-speed networks where the photonic routers can dynamically setup 
optical wavelength paths directly between edge nodes without electronic path 
termination at intermediate nodes [56].   
 
An example of an all-optical label swapping network is shown in fig. 1.5. 
Bursts of data are composed by assembling several IP packets in the ingress 
nodes according to their destination or class of service. To each burst a label 
of a short fixed length is assigned and used by the core nodes to forward the 
packet through the network [9]. Labels are received and swapped at every 
node in a core network, while the payload information is transparently 
forwarded with possible wavelength conversion [12]. In this way packet 
forwarding decisions are taken by examining only short optical labels, 
supported by MPLS, yielding a low latency, low overhead routing technique 
that simplifies packet forwarding and enables scaling to very high bit rates 
[16].  
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Fig. 1.5. Network architecture of an optical labelled burst switched network. (Figure 
from [57]). 
 
The labelling process for the proposed angle modulation is illustrated in 
fig. 1.6. The high-speed payload data is transmitted using intensity 
modulation, while moderate-speed label data is transmitted on the same 
optical carrier by angle modulation. Once again, it is observed that the labels 
bit-rate can be different (much lower) than that of the payload. Then the 
payload information and label information can be detected using known 
demodulation techniques at the receiver. 
 
Processor
Intensity
Modulation
Angle
Modulation
Optically Labeled
Label
Tunable
laser
Wavelength
Label
IP Packets
Payload Angle
Signal
 
 
Fig. 1.6. Optically labelled signal generation. 
 
At the node level, the core functionality of an optical packet switch would be 
to selectively transmit packets from a particular input port to a particular 
output port. Here a “port” implies a certain wavelength in a certain fibre. The 
structure of the optical label switching system for the labelled packets is 
illustrated in fig. 1.7 for the IM/DPSK labelling scheme. The payload, which 
does not need processing, can be kept in the optical domain and thus be 
transparently transported from inputs to outputs.  
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Fig. 1.7. Schematics of two-level label swapping in an intermediate router for optical 
packet switching based on orthogonal modulation formats. 
 
The set-up of the label-controlled packet router is shown in fig. 1.8. Both the 
wavelength and the orthogonal (DPSK or FSK) label of each incoming 
packet burst are examined. After their inspection, the appropriate optical path 
is set through which the packet payload data are forwarded transparently. A 
delay line is used to buffer the incoming burst of data while the label is read, 
processed and the laser is tuned to the new wavelength. New labels are 
re-inserted for each burst, using a two-level integrated optical swapper 
[12],[16]. Subsequently, depending on the converted wavelength, each packet 
is directed to the appropriate output via an arrayed waveguide grating (AWG) 
[58],[59]. 
 
In order to avoid contention, packets can be buffered in variable 
switched-delay lines based on fibre loops and integrated optical 2×2 
switches. By appropriately setting the wavelength label, packets can also be 
directed into feedback fibre loops for buffering or for multicasting. Similarly 
local dropping or adding of packets can be achieved [60], [61].  
 
Fig. 1.8. The label-controlled optical packet router set-up (Figure from [62]). 
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At the label-swapping unit, both the label and the wavelength will be set 
according to the requirements of the routing process in the network. A label 
swapping unit is exemplified in fig. 1.9 for the IM/FSK labelling scheme. To 
perform label swapping a fraction of the incoming signal is tapped for 
opto-electronic label processing. The remaining part of the signal is input to a 
label eraser and 2R regenerator. Replacing the label can in many cases be 
achieved during wavelength conversion. After setting the new wavelength of 
the tunable laser and inserting the new label, the orthogonally modulated 
packet is ready for transmission over the next hop in the network. 
 
Many open issues need to be determined when building such a network. 
Within the node the delay will depend on the label bit-rate and the electric 
processing time. This delay, plus the network functionality of contention 
resolution might call for the need of optical buffering. Also synchronization 
issues would demand an effective clock recovery circuit within the node. 
These are interesting topics of research, which are seeing advances in the 
research community [63], [64], [65], [67], but which fall outside the scope of 
this thesis. 
 
 
Fig. 1.9.  System architecture for orthogonal IM/FSK labelling. 
 
With regard to all-optical processing of the labels, the IST-LASAGNE 
(All-optical label swapping employing optical logic gates in network nodes) 
research project, aims at designing and implementing a truly all-optical 
photonic router capable of operating at 40 Gb/s. The employed optical logic 
gates are all implemented using commercially available SOA-based 
Mach-Zehnder interferometer (SOA-MZI) as fundamental building blocks 
[134]. 
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1.3   Thesis structure 
 
The goal for this thesis is to study orthogonal labelling techniques for future 
IP-over-WDM networks from a systems point of view. Within the project, 
different types of optical labelling will be compared systematically, in order 
to identify the strengths and drawbacks of each one, keeping the main focus 
on orthogonal labelling.  
 
The components included in the experiments are treated in a broad 
perspective as integrating blocks in a system, leaving room for further 
optimization of the performance of a particular component. In this way, a 
proof of concept will be presented for each labelling technique with regard to 
the different system functionalities. The data that will be analyzed will in 
most cases be pseudo-random bit sequences (PRBS), while the specific 
content of the labels and their significance to protocols would be left for 
upper layers in the telecommunications hierarchy.  
 
Throughout the thesis, the schemes will be mentioned in short by naming the 
modulation method for the payload first and then the modulation of the label. 
For example, IM/DPSK would be a scheme in which the payload is intensity 
modulated (IM) while for the label differential phase shift keying (DPSK) is 
used. On the other hand, DPSK/IM would be a scheme where the payload 
information is modulated on the phase of the carrier, while the label would be 
intensity modulated. 
 
The analysis of the results will in most cases be done through the assessment 
of bit-error rate (BER) curves. The sensitivity of the system will always be 
measured for a BER of 1×10-9 (occasionally referred to as error-free 
performance) and the power penalty evaluated for the performance at this 
same BER. For the graphs in which the BER for a specific system is shown 
as a function of received power, the results are approximated by a linear fit 
for visualization purposes. The work was be carried out mainly in laboratory 
experiments, although some results based on numerical simulations 
(performed on VPI Transmission Maker) will support the analysis. 
 
In chapter two, the generation of orthogonally labelled signals will be 
presented. Several transmitters and receiver models will be assessed at 
various bit-rates. Limits to each scheme will be identified, specially 
concerning the requirements on the sources and the extinction ratio (ER) of 
the intensity modulated part of the signal. An effective way to overcoming 
ER limitations for the orthogonally labelled signals through coding 
techniques, will be proposed and validated. The back-to-back performance of 
each labelling method will be measured in order to validate the realized 
transmitter and receiver as well as for comparing the results to later 
experiments. 
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The third chapter will investigate the transmission properties of orthogonally 
labelled signals. Some level of crosstalk between the label and the payload is 
expected when the orthogonally modulated signal propagates in optical 
fibres. For instance, phase to intensity modulation conversion induced by 
chromatic dispersion would result in degradation of the payload data by the 
label. On the other hand, non-linear effects such as self-phase modulation 
(SPM) would deteriorate the label data. Although extensively studied for 
standard ASK systems [55], [66], [101], the effects of these transmission 
degradations were not known for the orthogonal modulation schemes.  
 
In a WDM context, additional non-linear effects as well as cross-talk should 
be considered, the impact of which would be related to channel spacing. 
While the multiplexing and demultiplexing operations, either at the 
transmitter/receiver or in network elements such as optical cross-connects, 
would introduce new signal degradation induced by imperfect filtering. This 
is studied in simulations and experiments in chapter four. 
 
The next two chapters are devoted to the investigation of the most important 
functionalities in an all-optical network node from a systems point of view, 
which are wavelength conversion (WC) and label swapping. As will become 
clear from the discussion, these two subsystems are closely related. 
Wavelength conversion will be realized in passive and active components. 
The employed devices will include highly non-linear fibers (HNLF), 
semiconductor optical amplifiers (SOA) and SOA-MZI wavelength 
converters. The later will be theoretically investigated with respect to various 
configuration schemes for 40 Gb/s signals. 
 
During the label erasing and insertion processes, the properties of the labelled 
signal might be affected. The sixth chapter will present experimental results 
on label swapping for orthogonal labelling, carrier-suppressed sideband 
(CSS) labelling and time-serial labelling, identifying in each case the 
requirements for this functionality. Most of the label-swapping techniques 
make use of some sort of wavelength conversion, which in many cases 
establish a limit on the possible output wavelengths to be used. Solutions to 
this problem are presented while performing label swapping. 
 
The seventh chapter, will collect the knowledge gained throughout the thesis, 
in order to set-up laboratory prototypes for all-optical labelling systems. 
Several optical channels will be generated and transmitted, after which a 
selected channel will be wavelength converted and have its labels swapped, 
before being re-inserted as a WDM channel for re-transmission. Optical 
packets will be constructed for a time-serial labelling system. The results will 
validate the investigated labelling schemes for all-optical networks. 
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Finally, the thesis will be summarized and conclusions presented. 
 
In the whole of the thesis, most of the lab work was realized in cooperation 
with Jianfeng Zhang and Nan Chi from Research Center COM, who also 
collaborated in the numerical investigation of the SOA-MZI wavelength 
converters.  
 
In the second chapter, the development of the FSK source based on a 
distributed feed-back (DFB) laser followed by an integrated 
electro-absorption modulator (EAM) was due to a suggestion by Jianfeng 
Zhang, who also devised the proposed optical generation of the Manchester 
codification. The method for generating CSS labelling scheme was developed 
by Jianfeng Zhang and Nan Chi.  
 
The simulations for the transmission of IM/DPSK labelled signals were 
performed with the assistance of Birger Carlsson, while the numerical results 
of transmission, filtering and WDM simulations for IM/FSK signals were 
obtained in cooperation with Bartłomiej Kozicki. Simulation of wavelength 
conversion in HNLF were carried out in collaboration with Michael Frosz, all 
at Research Center COM. 
 
The single SOA used for wavelength conversion was optimized by Lotte Jin 
Christiansen and Kresten Yvind, while the EAM employed for label 
swapping was optimized by Lin Xu, all of them from Research Center COM. 
Both devices were kindly supplied by GIGA-Intel, while the HNLF was 
made available by Stig Knudsen from OFS Denmark.  
 
The SOA-MZI used in experiments, was kindly borrowed from the COBRA 
Research Institute, part of the Eindhoven University of Technology (The 
Netherlands). The experiments related to label swapping of IM/FSK signals 
were performed in cooperation with Juan-José Vegas Olmos and Idelfonso 
Tafur Monroy form the COBRA Research Institute.  
 
The GCSR-DBR laser modules used in the WDM transmission experiments, 
were kindly made available by the Optical Communications Group at the 
Universitat Politècnica de Catalunya (UPC), in Barcelona (Spain). Victor 
Polo from UPC assisted in the network experiments related to the IM/FSK 
labelled signals. 
 
DPSK/IM experiments were carried out in cooperation with Lin Xu, 
Christophe Peucheret, Christian Mikkelsen, Haiyan Ou and Jorge Seoane, 
while the method for BER measurement for the packet transmission of IM 
time-serial labelled signals was suggested by Torger Tokle all of them from 
Research Center COM. 
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The performed work was supported by the 5th framework IST-project 
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Chapter 2  
 
Generation of orthogonally 
labelled signals 
 
 
 
This chapter presents the all-optical orthogonally labelled schemes to be 
studied in the rest of the thesis. A detailed analysis of the transmitter and 
receiver needed in each case will be accompanied by considerations on the 
benefits and drawbacks of each scheme. Back-to-back measurements on the 
performance of these transmitters and receivers will be presented in each 
case. The performance will be based on the bit-error rate (BER) values as a 
function of the incoming power level into the receiver, as well as the 
sensitivity measured in dBm, for a BER of 10-9.  
 
The first section will investigate the orthogonally combined intensity and 
phase modulations (IM/DPSK) labelling scheme and introduce an alternative 
scheme where the modulation of payload and label are interchanged. After 
that, the IM/FSK scheme will be analyzed and a novel FSK source presented. 
The third section will examine the carrier-suppressed sideband (CSS) 
labelling scheme at different bit-rates. Finally, various encoding methods will 
be studied in order to minimize the limitation on the extinction ratio (ER) of 
the intensity modulated payload that is shown to limit several of the 
orthogonal labelling methods. 
 
 
2.1  IM/DPSK signal generation and 
detection 
 
This section will describe the theoretical and experimental results concerning 
IM/DPSK labelling. The principle of the generation of such signals is 
addressed in the first subsection. First the IM/DPSK scheme will be 
presented, where the payload is intensity modulated (IM) at 10 Gb/s and the 
label is differential phase shift keyed (DPSK) at 2.5 Gb/s. The issues on 
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detection, transmitter optimization and general requirements will be 
addressed. The theoretical maximum value of the ER of the IM payload will 
be calculated and requirements to the laser linewidth will be presented. Next, 
a DPSK/IM scheme is described, based on a 40 Gb/s DPSK payload and a 
2.5 Gb/s IM label. In the second section, experimental results on the 
back-to-back performance of these labelling schemes will be presented. 
 
 
2.1.1  The IM/DPSK scheme  
 
The IM/DPSK labelling scheme consists of an intensity modulated payload 
accompanied by a DPSK modulated label on the same carrier and at a lower 
bit-rate. The two information streams are able to be detected separately, 
hence becoming an all-optical orthogonally modulated signal. Due to the 
cross-talk introduced between these two orthogonal channels during 
transmission and reception, the scheme has some limitations that will be 
addressed numerically in this subsection. 
 
 
DPSK generation and detection 
 
The numerical analysis on the IM/DPSK format presented in this subsection 
is based on an intensity modulated payload at 10 Gb/s accompanied by a 
DPSK modulated label at 2.5 Gb/s.  The IM would be realized in an intensity 
modulator, such as a  Mach-Zehnder modulator (MZM) and be detected 
directly by a photodiode [68]. The DPSK transmitter and receiver are shown 
in fig. 2.1. A laser output continuous wave (CW) is modulated by a phase 
modulator, which is driven by differential encoded electrical data. This 
differential encoding is necessary in order to generate the DPSK signal. The 
benefits of this differential encoded signal is mainly that the local oscillator, 
that a coherent light system would require, is avoided and the optical carrier 
only needs to be stable with regard to phase during the duration of 2 bits [69]. 
 
T
XOR
Phase
Modulator
Differential encoder
Label receiverLabel transmitter
 
(a)                                                            (b) 
 
Fig. 2.1. DPSK label (a) transmitter and (b) receiver. 
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The differential encoding of the data stream is achieved by performing an 
XOR operation between the incoming bit and the previous bit of the encoded 
signal [70]. Fig. 2.2 (a) shows the truth table of the XOR operation. The 
phase modulator will then shift the phase of the carrier by π every time an 
encoded mark bit has to be transmitted. Fig. 2.2 (b) presents an example of 
this type of encoding. The upper row shows an example of a data stream, 
while the middle row shows the result of the XOR operation between a given 
bit and the previous one. This differential XOR operation is then translated 
into a π phase shift in the carrier whenever the differential XOR operation 
results in a ‘1’, while leaving the phase untouched when the differential XOR 
operation results in a ‘0’, thus producing the DPSK modulation. 
 
 
d1 d2 XOR 
0 0 0 
0 1 1 
1 0 1 
1 1 0 
data 1 1 0 1 0 0 1 0 
differential 1 0 0 1 1 1 0 0 
DPSK π 0 0 π π π 0 0 
 
(a) (b) 
Fig. 2.2. (a) XOR truth table and (b) example of differential encoding for DPSK 
signals. 
 
In fact, when using pseudo-random bit sequences (PRBS) as the transmitted 
signal the first stage for the differential encoding can be avoided. A proof 
thereof is presented in Appendix A, where it is shown that the XOR operation 
with a one-bit delay of a PRBS signal gives as a result the same PRBS signal 
with a certain delay. For this reason the XOR operation will be avoided in all 
the experimental set-ups presented throughout this thesis. 
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Fig. 2.3 Measured transfer function of the 1-bit Mach-Zehnder interferometer. 
 
At the receiver side, a  Mach-Zehnder interferometer (MZI) with a delay in 
one arm corresponding to the duration of one bit, can be used for the DPSK 
demodulation [60]. Obviously, the length of the delay has to match the data 
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speed of the signal. For example, for a 2.5 Gb/s DPSK signal the 
interferometer needs to have a difference in arm-lengths of 8 cm. In 
fig. 2.1 (b), such a one-bit delay MZI is used as a single arm receiver. A dual 
arm receiver can also be implemented if needed for enhancing the receiver 
sensitivity.  Fig. 2.3 shows the measured transfer function of the one-bit 
delay MZI used in experiments as demodulator. When the signal crosses the 
interferometer, one arm delays the signal one bit relative to the other arm. 
When the signal is recombined at the output, a π difference in phase makes 
the signals interfere destructively and no signal is present at the output. If 
there is no phase difference between the two adjacent bits, the signals 
interfere constructively and a 1 would be present at the output. In this way, 
the DPSK signal has been converted into an intensity modulated signal and 
the differential codification has been removed. This signal can then be 
detected by a photodetector with the appropriate bandwidth. 
 
 
Limitation on the payload extinction ratio 
 
As mentioned earlier, in order to detect the label, a limited extinction ratio of 
the payload is required. An IM/DPSK modulated signal with a finite 
extinction ratio can be expressed in equation (1.1) [49],  
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where p, l and q stand for the payload, the label and the data sequence, 
respectively, T is the bit period and g the pulse shape. The extinction ratio of 
the payload expressed in dB is given by -10 log(ε). The output power of the 
one-bit delay demodulator can be expressed as, 
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where P is the optical power, φ is the phase of the input field and the mark n 
denotes the nth label bit. Assuming the pulse shape of the label to be square, 
and a label bit rate of 2.5 Gb/s, five distinct power levels can be obtained at 
the output of the label demodulator. These power levels depend on the 
different possibilities for the payload data and label data, as shown in fig. 2.4. 
The corresponding values of these five levels are given in Table 2.1. 
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(b) 
Fig. 2.4.  Multi-level structure of the demodulated DPSK labelled signal.  
(a) Theoretical analysis, (b) simulation results. 
 
From Table 2.1, the minimum eye opening of this multi-level label eye 
diagram can be derived. This minimum eye opening has  the form (5ε-1)/4. 
Fig. 2.5 shows the received label eye opening as a function of the payload 
extinction ratio assuming ideally square pulses and in the absence of filtering, 
with the multilevel eye diagram as an inset. From this figure, it can be 
observed that, in order to obtain an open label eye, the extinction ratio of the 
payload must be no larger than 9.5 dB, thus setting a clear limit to the 
characteristics of the generated signal. 
 
Table 2.1. Power of the label after DPSK demodulation for different 
combinations of the payload data and label data. 
Label  
ql,n 
Payload   
qp,4n, qp,4(n+1) 
Peak output power 
of label 
Output power of label 
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Fig. 2.5. Received label eye opening normalized by the peak power of the 
demodulated label versus payload ER. The inset shows the multi-level eye diagram of 
the detected label. 
 
This analytical and numerical result was later observed in experiments. 
Fig. 2.6 shows an example of this multilevel effect at the receiver after a 
transmission over 50 km of single mode fiber (SMF), for a 10 Gb/s IM 
payload and a 2.5 Gb/s modulated label. The multilevel nature of the signal 
and interference of several payload bits for each label bit are clearly 
observable. 
 
 
 
Fig. 2.6.  Example of the experimental validation of the multilevel signal received 
after transmitting a IM/DPSK modulated signal. 
  
This trade off between the ER of the payload and label is also clearly 
observed in fig. 2.7, that shows the simulation results of the receiver 
sensitivity defined for a BER of 10-9 vs. the extinction ratio of the payload for 
a label receiver respectively. The performance of the label would be 
enhanced by about 3 dB if a balanced receiver was to be used instead of a 
simple one [68], so a higher ER would be tolerable. 
 
The choice of the optimum point of operation with regard to the IM payload 
ER, should take into account that an error in a label bit could lead to the 
whole packet being sent to a wrong address. The label performance is 
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therefore more critical than the performance of the payload. In that sense, the 
trade-off could be set to favour the label receiver to reduce this risk. An ER 
of the payload of less than 3 dB would then be preferred in order to enhance 
the receiver sensitivity of the label with regard to that of the payload. 
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Fig. 2.7.  Receiver sensitivity vs. extinction ratio of the payload. 
 
 
Requirements to the laser linewidth 
 
For a DPSK modulated label, the laser phase noise can have a important 
impact on performance [71], [69]. Fig. 2.8 shows simulation results on the 
influence of the laser linewidth at different label bit rates for a 10 Gb/s IM 
payload with an extinction ratio of 3 dB after transmission over 50 km of 
compensated SMF. The laser model contained a Gaussian white noise source 
with a variance of 2π∆f corresponding to the optical laser linewidth ∆f. When 
the laser linewidth was increased from 0 to 4% of the label bit rate, the label 
receiver penalty at first showed a linear increase from 0 dB to 3 dB. If the 
laser linewidth was further increased, detection of the label became 
impractical.  
 
The penalty shows a linear behaviour up to a laser linewidth of  about 
6.25 MHz for a 156.25 Mb/s label, and of about 100 MHz for a 2.5 Gb/s 
label. Defining the acceptable receiver power penalty of the label to be within 
1 dB, then a linewidth requirement of less than 1.5% of the label bit rate 
should be applied. Considering a label-bit rate at 2.5 Gb/s, a laser with 
linewidth of less than 37.5 MHz would then be necessary, while a label 
bit-rate of 156 Mb/s would require a linewidth of 2.34 MHz, which, although 
achievable, would be a demanding feature for commercially available laser 
sources [72]. 
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Fig. 2.8.  Simulated results of power penalty versus laser linewidth normalized to the 
label bit-rate for a  3 dB payload ER at different label bit rates. 
 
 
2.1.2  Back-to-back performance  
 
The foregoing analysis on the IM/DPSK format was validated experimentally 
by measuring the back-to-back performance of transmitter and receiver. As 
explained in the introduction, one of the advantages of the orthogonal 
labelling scheme is that the bit-rate of the payload can be upgraded without 
having to change the label detection at each node. The performance will 
therefore be compared for payloads at 10 Gb/s and 40 Gb/s, while keeping 
the label bit-rate fixed at 2.5 Gb/s. After that, an alternative labelling scheme 
making use of the DPSK modulation will be introduced.  
 
 
IM/DPSK signals at 10 / 2.5 Gb/s 
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Fig. 2.9. DPSK back-to-back experimental setup. 
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Fig. 2.10.  Measured optical spectra for the laser output with and without DPSK 
modulation. 
 
To begin with, the performance of the DPSK transmitter used in further 
experiments was assessed through the setup shown in fig. 2.9. The DPSK 
signal was generated by modulating a CW source through a phase modulator. 
The output power of the laser was set to 4 dBm. The electrical 2.5 Gb/s data 
was a PRBS of 29-1 length, which allowed for omitting the XOR differential 
encoding at the transmitter, as explained in Appendix A. Fig. 2.10 shows the 
measured optical spectra of the CW light compared to that of the DPSK  
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Fig. 2.11. Measured BER curves and eye diagrams of the DPSK signal. 
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Fig. 2.12  Experimental setup for the back-to-back performance of a IM/DPSK 
modulated signal.  
 
signal. The demodulated eye diagrams at each output port of the MZI, and 
the BER performance are shown in fig. 2.11. Both outputs of the delay 
interferometer receiver could be detected with a BER of less than 10-9, 
although the constructive output of the interferometer showed a sensitivity 
that was about 2 dB better than the destructive output. The reason for this is 
believed to be the imperfections in the coupling ratio of the couplers involved 
in the interferometer. The sensitivity of the constructive output was found to 
be -29.5 dBm. 
 
The next step was to add a 10 Gb/s IM payload to this 2.5 Gb/s DPSK label. 
The experimental setup for measuring this back-to-back performance is 
shown in fig. 2.12. The signal source was a wavelength tunable external 
cavity laser (ECL) working at 1552.5 nm. The signal was first intensity 
modulated at 10 Gb/s with a PRBS (27-1), by a Mach-Zehnder modulator. 
The DPSK label at 2.5 Gb/s was then impressed by the phase modulator. At 
the receiver, the signal was split equally in order to detect the payload and 
label separately.  
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Fig. 2.13  Measured back-to-back receiver sensitivity vs. payload extinction ratio for 
the label and the payload. 
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(a)  20ps/div                                                    (b)  100ps/div 
 
Fig. 2.14. Eye diagrams for (a) back-to-back payload at 10 Gb/s, (b) back-to-back 
label at 2.5 Gb/s. 
 
In order to find the optimum extinction ratio of the IM payload, this 
parameter was varied while keeping the rest of the system untouched. The 
measured receiver sensitivities for a BER of 10-9 for the payload and the label 
as a function of the extinction ratio are shown in fig. 2.13. As expected, a 
trade off between the intensity extinction ratio requirements for the payload 
and the label was observed. A degraded IM extinction ratio would result in 
penalty for the payload, whereas the extinction ratio should not be too large 
in order to recover the phase modulated label. In the experimental setup, the 
ER of the payload should be around 3.5 dB, in order to detect the payload 
and label with similar sensitivities. Because of the greater importance of the 
label information, it could also be chosen to enhance the performance of the 
label by reducing the payload extinction ratio further. 
 
 
 
Fig. 2.15. Measured BER performance for the back-to-back case of a IM/DPSK 
signal with a payload ER of 3 dB.  
 
The eye diagrams for the received back-to-back signals are shown in 
fig. 2.14, where the received label multi-level structure is observable. 
Fig. 2.15 shows the BER curves for the payload and label in the back-to-back 
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case with a payload ER of 3 dB. Both curves could be chosen to be shifted in 
opposite directions by changing the ER of the IM payload. For the chosen 
ER, the sensitivity of the payload and label was found to be -25 and -29 dBm 
respectively, which is in concordance with the results shown in fig. 2.13. 
 
 
IM/DPSK signals at 40 / 2.5 Gb/s 
 
As mentioned earlier, one of the advantages of orthogonal labelling is the 
possibility of changing the bit-rate of the payload independently of the one of 
the label. In order to confirm this, a back-to-back experiment was setup 
where the IM payload was modulated at 40 Gb/s while the DPSK label was 
kept at 2.5 Gb/s. 
 
As shown in [73], the system performance shows an improvement with 
increasing values of the ratio between the payload and label bit rate, which 
means that if the label bit rate is fixed, increasing the payload bit rate will 
improve the DPSK detection. Hence, upgrading the payload capacity will 
improve the label performance. Alternatively, if the payload bit rate is fixed, 
a lower speed DPSK label would show a better performance, although the 
requirements on the laser linewidth would be more stringent.  
 
     
 
Fig. 2.16.  Measured receiver sensitivity for the payload and label vs. input 
extinction ratio of the payload for a payload bit-rate of 40 Gb/s and a label bit-rate 
of 2.5Gb/s. 
 
The measured receiver sensitivities of the payload and the label as a function 
of the extinction ratio (ER) are shown in fig. 2.16. As expected, a trade off 
between the ER requirements for the payload and label is observed. For a 
payload coded with a 27-1 PRBS sequence, an optimum value of 7 dB ER is 
now obtained where the payload and label have the same sensitivity. This 
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increase of the optimum value of the ER of the IM payload is due to the 
difference in bit-rate compared to the previous results. Furthermore, it was 
observed that this optimum value could be decreased when a longer PRBS 
sequence were used for the payload due to the increased length of the 
continuous ‘mark’s and ‘space’s. It was also found that the DPSK receiver 
sensitivity would be greatly enhanced at lower label rates. This conclusion is 
consistent with the theoretical results given in [74]. 
 
 
DPSK/IM scheme at 40 / 2.5 Gb/s  
 
Alternatively to the IM/DPSK labelling method discussed so far, the 
modulation format of payload and label could be interchanged. In this 
sub-section the back-to-back performances of a 40 Gb/s DPSK payload and a 
2.5 Gb/s IM label are presented. The benefits of this modulation scheme are 
that the DPSK modulation at high speed shows good transmission properties, 
the delay interferometer will be more stable as its difference in arms will be 
smaller, and that a balanced detection would improve the performance even 
under IM power fluctuations [75], [76]. On the other hand, the detection of 
the DPSK payload needs at all times the erasure of the IM label, which can 
only be done by detecting the label data stream first – as shall be described in 
Section 6.1.5 – which will bring synchronization issues to the receiver. 
 
The experimental setup is shown in fig. 2.17. The RZ-DPSK generator 
consisted of an external-cavity laser at operating at 1550 nm, an external 
dual-drive Mach-Zehnder modulator and a phase modulator. The first 
modulator generated a 40 GHz RZ pulse by being biased at the peak of its 
transmission curve and differentially driven at twice the switching voltage 
with an ac-coupled half-bit-rate (20 GHz) sine wave. The phase modulator 
was driven by a 40 Gb/s (PRBS 223-1) NRZ data stream. A tunable optical 
delay line was inserted in between the two modulators to synchronize the 
pulse train and the 40 Gb/s data source. The IM label information at 2.5 Gb/s 
(PRBS 27-1) was added by a following EAM, thus producing an optically 
RZ-DPSK/IM labelled signal. An advantage of using the EAM for label 
insertion was found to be its negligible frequency chirp [78].  
 
Similar to the IM/DPSK modulation, the receiver sensitivity of the IM label 
was found to improve as the IM extinction ratio was increased, while the 
sensitivity of the RZ-DPSK payload deteriorated due to the reduced signal 
power during a  ‘0’ IM transmission, which closes the demodulated DPSK 
eye-diagram. In this experiment an ER of 3 dB was selected for the extinction 
ratio of the IM label.  
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Fig. 2.17. Experimental setup for a 40 Gb/s RZ-DPSK payload and a 2.5 Gb/s IM 
label. 
 
At the receiver, the labelled signal was divided using a 3 dB optical splitter. 
The output of one arm was directly detected by a photodiode and thus the 
optical label was converted into the electrical domain. The other arm 
underwent an optional label erasure process that will be discussed in 
Section 6.1.5 in order to optimize the payload receiver. The payload was then 
input to an integrated Mach-Zehnder delay interferometer (MZDI) – which 
was a prototype produced by C. Mikkelsen and H. Ou at Research Center 
COM –  used to demodulate the RZ-DPSK signal. The length difference 
between the two arms of the MZDI was 5.049 mm, corresponding to a 25 ps 
delay. The signal at the output of the MZDI was detected by a 50 GHz 
photodiode and input into a 40 Gb/s BER test set.  
 
 
(a) 25 ps/div 
          
(b) 100 ps/div                                                           (c) 100 ps/div 
 
Fig. 2.18.  Eye diagrams for (a) payload without label erasure, (b) label before the 
low-pass filter, (c) label after the low-pass filter. 
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The detected RZ-DPSK eye-diagram without label erasure is shown in 
fig. 2.18 (a). Obviously, due to the intensity crosstalk from the IM label, the 
demodulated RZ-DPSK payload eye-diagram presented a multi-level 
structure, which is why the label erasure process benefits the payload 
detection. The detected IM label eye diagrams are shown in 
figs. 2.18 (b) and (c). It is worth noting in fig. 2.18 (b), that the residual 
payload intensity was superimposed onto the label. Therefore a 4 GHz 
low-pass electrical filter was applied after the photodiode in order to remove 
the 20 GHz RZ pulses. In this way, a very clear and open 2.5 Gb/s label 
eye-diagram could be obtained, as shown in fig. 2.18 (c).  
 
Fig. 2.19 shows the BER curves in the back-to-back case. The DPSK payload 
showed a sensitivity of -25 dBm, while the IM label had a B2B sensitivity of 
-32 dBm, which again could be modified by changing the ER of the IM. 
 
 
 
Fig. 2.19. Measured BER results for the payload and label in the DPSK/IM labelling 
scheme. 
 
 
2.2  IM/FSK signal generation and detection 
 
The IM/FSK scheme for orthogonal optical labelling, is based on an intensity 
modulated (IM) payload and a frequency shift keyed (FSK) label. The 
frequency modulation would assign a different frequency to the ‘mark’ and 
‘space’ bits of the label pattern. For the scheme to work effectively, the FSK 
source should present a stable output with regard to intensity and the IM 
modulation should introduce no frequency chirp. These issues, along with 
possible solutions, will be investigated in the present sub-section.  
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2.2.1  FSK generation 
 
In an IM/FSK label switched network, an optical FSK transmitter is 
necessary in both edge nodes and core nodes [16], [47]. As will be shown, 
the optical FSK transmitter plays an essential role in the performance of 
optical IM/FSK labelling. Ideally, the label information should be impressed 
upon the optical carrier’s frequency through FSK modulation, while keeping 
its amplitude unaffected. On a second stage in the transmitter, the payload 
information would then be modulated on the carrier’s amplitude. The 
experiments described in this section are mainly based on the definition of 
packets for the STOLAS concept [48], where the optical labelled signal 
would consist of an intensity modulated (IM) payload at 10 Gb/s and a 
frequency modulated (FSK) label at 312 Mb/s, with a tone-spacing of 
20 GHz. 
 
Three methods for FSK generation will be described: a scheme using two 
external-cavity lasers (ECL), a novel scheme using a directly modulated 
distributed feedback (DFB) laser and an electro absorption modulator 
(EAM), and finally a scheme using a grating assisted coupler sampled 
reflector (GCSR) laser source. 
 
 
Using two tunable ECLs 
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Fig. 2.20.  FSK  generation based on two ECLs. 
 
Two lasers with different optical frequencies can be used to perform the FSK 
modulation. In this scheme, the two lasers’ frequencies act as the FSK tones, 
while being intensity modulated by the conjugate data sources before being 
coupled together to form one FSK source. In this way, the label information 
can be impressed upon the frequency of the coupled light, while careful 
matching of the sources would keep the optical intensity constant, thus 
achieving FSK modulation.  
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Fig. 2.21. Optical spectra of the pure FSK signal and combined IM/FSK signal. 
 
In the setup shown in fig. 2.20, two tunable external-cavity-lasers (ECL), the 
frequencies of which were detuned by 20 GHz, were used to perform the 
FSK modulation. Before being coupled into one fiber, the two light beams 
were modulated by conjugate data at 2.5 Gb/s. The coupled light was then 
modulated by an intensity modulator operating at 10 Gb/s. Fig. 2.21 shows 
the optical spectra of the lightwave after FSK modulation and IM/FSK 
modulation respectively. Fig. 2.22 (a) shows the intensity waveform of the 
two sources before coupling. It is noticeable that the imperfect waveform 
match produces intensity ripples in the coupled light, which can be observed 
in fig. 2.22 (b).  
 
      
(a)                                                          (b) 
Fig. 2.22. (a) Wave pattern of the two ECL sources, and (b) coupled FSK intensity 
waveform. 
 
When no IM payload was added on the FSK modulation, the label could be 
detected satisfactorily. Fig. 2.23 shows the optical spectra of the generated 
FSK signal, the fiber Bragg grating used to filter out one of the FSK tones 
and the filtered signal suitable for direct detection. Fig. 2.24 shows the BER 
performance obtained through this method and an eye-diagram of the 
demodulated signal. The measured receiver sensitivity at a BER of 10-9 was  
-34.9 dBm. 
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Fig.2.23. Optical spectra of the reflection of the fiber Bragg grating, FSK signal and 
the demodulated FSK signal. 
 
However, when the IM modulation was added, the 10 Gb/s IM payload and 
2.5 Gb/s FSK label could not be detected error-free simultaneously due to the 
intensity ripples observed in fig. 2.22 (b).  In the experiment, the modulator 
impressing the payload information was polarization sensitive, which further 
aggravated the intensity ripples of the coupled light. It is expected that a 
tighter polarization control of the two sources before the coupler would 
improve the modulation performance.  
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Fig. 2.24.  Measured BER curve and the eye diagram of the pure FSK signal. 
 
As shown in fig. 2.25 (b), an IM payload with a sufficiently high extinction 
ratio showed an acceptable tolerance to the intensity ripple to be detected. 
However, in this case, the FSK label had a much degraded receiver 
performance. When the IM payload was operated at 2.5 Gb/s, both the IM 
payload and FSK label could be detected with a BER of less than 10-9, due to 
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a less demanding requirement on the matching of the ripple, as shown in 
fig. 2.25 (a). 
 
     
(a)                                                                 (b) 
Fig. 2.25. (a) Payload at 2.5 Gb/s, simultaneously error-free detection of both  
payload and label (b) Payload at 10 Gb/s, no simultaneously error-free detection. 
 
 
Using DFB/EAM modules 
 
In order to reduce the intensity ripples encountered in the last section, a new 
FSK source was designed and presented in [79]. The method is based on the 
fact that an optical FSK signal can be generated simply by directly 
modulating the electrical current of a DFB or DBR laser diode [80]. 
However, the drive current variation also results in a simultaneous intensity 
modulation of the emitted light [53]. Such residual intensity modulation has a 
detrimental effect on the optical signal when the IM payload information is 
added. To overcome this problem, a novel optical FSK label generation 
scheme is proposed,  based on a commercially available integrated DFB 
laser/electroabsorption modulator (EAM).  
 
DFB EA
Bias1 Bias2
DATA
(label information)
DATA Electricaldelay lineDATA
 
 
Fig. 2.26. Configuration of the optical FSK transmitter. 
 
The configuration of the proposed optical FSK transmitter is shown in 
fig. 2.26. The DFB laser was driven with a bias current above threshold and a 
relatively small modulation current. The current modulation resulted in both 
intensity and frequency modulation of the output light. To remove the 
intensity variation of the laser’s output, the inverse electrical data was 
injected into the integrated EAM with an appropriate time delay and 
modulation voltage. In this way, a constant amplitude optical FSK signal was 
generated. In reported experiments [26], the input current had to be kept at a 
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small value to minimize the residual IM, which also resulted in a small FSK 
tone spacing, thus a coherent detection scheme had to be employed.  
 
The measured optical characteristics of the DFB laser and EAM are shown in 
fig. 2.27. The variation of injection current changed both output power and 
wavelength, as indicated in fig. 2.27 (a). In the high bias current regime, a 
modulation current of nearly 30 mA was needed to achieve a 20 GHz 
(~0.16 nm) frequency deviation, which was accompanied by a 3 dB intensity 
variation. The integrated EAM showed a modulation efficiency of nearly 
5 dB/V, as shown in fig. 2.27 (b). 
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Fig. 2.27. Optical characteristics of (a) DFB laser and (b) EAM. 
 
Both the measured DFB laser and the EAM had a 3 dB modulation 
bandwidth of 2.5 GHz. Figs. 2.28 and 2.29 show respectively the measured 
eye-diagrams and optical spectrum of the FSK modulated signal when the 
DFB laser was driven with a 90 mA bias current and a 30 mA modulation 
current at 1 Gb/s. Without intensity compensation, nearly 3 dB of intensity 
fluctuation was observed, as shown in fig. 2.28 (a). After optimizing the bias 
and modulation voltage of the EAM, the final output light had almost 
constant amplitude, as shown in fig. 2.28 (b). Thus, an FSK signal with a 
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peak-to-peak frequency deviation of 20 GHz was finally generated, as 
indicated by the spectrum of fig. 2.29. It can also be noted from this 
spectrum, that the direct modulation generated two asymmetric optical tones, 
indicating that the generated FSK signal was accompanied by a residual 
intensity modulation. After compensating for the residual intensity 
fluctuation, a symmetrical FSK spectrum around 1555 nm could be obtained.  
 
The payload information at 10 Gb/s (PRBS 29-1) was then added by a 
following Mach-Zehnder modulator (MZM), thus producing an optically 
IM/FSK labelled signal.  
 
 
1 ns/div zero level   
 
1 ns/div zero level 
 
(a)                                                            (b) 
Fig. 2.28. (a) Eye-diagram of the residual intensity modulation after direct 
modulation  of the DFB laser (b) eye-diagram after EAM compensation 
 
Just as in the IM/DPSK case, a limited IM extinction ratio was necessary for 
the FSK label detection, but a too low ER would in turn deteriorate the 
payload detection. Therefore, a compromise value had to be selected for the 
extinction ratio of the IM payload in the IM/FSK scheme.  
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Fig.2.29. Optical spectrum before/after EAM compensation 
 
In fig. 2.28 (b) it can be observed that this method, unfortunately was only 
able to partly compensate for the amplitude modulation inserted by the DFB 
laser. The rising edge of the intensity DFB modulation and the falling edge of 
the EAM did not exactly match, thus leaving a small ripple in the intensity of 
the FSK modulated signal. This ripple was not a problem for receiving the 
FSK label, but it was a detrimental when adding the IM payload on top of it. 
The ripple was small compared with the 312 Mb/s signal, but became quite 
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large (comparable with a whole bit period) when treating the 10 Gb/s IM 
payload signal. This meant that one every 32 eyes in the pattern became quite 
degraded and thus imposed a limit on the BER performance of the system. 
This problem could be accounted for partially by carefully synchronizing the 
two data streams, so that the top of the ripple occurred during the transition 
between two payload bits, thus minimizing its influence. 
 
It should be noted that the laser used in the experiments was relatively old but 
worked satisfactorily in the mentioned scheme, except for the ripple. Some 
newer DFB lasers were tried, but they proved not to be useful for this way of 
operation because they clearly were not designed for this type of usage and 
then both the EAM and the DFB responses where impossible to match.  
 
 
Using GCSR lasers 
 
Single grating assisted coupler sampled reflector (GCSR) laser sources could 
represent a key component for the core node router design of IM/FSK 
labelled networks such as the STOLAS architecture, due to their agile 
wavelength tunability [81]. This tuneable laser is able to emit at 41 different 
channels, from 1529.55 to 1561.42 nm with a channel spacing of 100 GHz 
[82]. A GCSR laser consists of four sections, i.e. a gain block, a phase 
module, a coupler and a Bragg grating. The coupler acts as a coarse tuner, 
transferring power vertically between the two waveguides – one that runs 
forward to the gain block, and another one, above it, that runs backward into 
the phase and Bragg grating sections. The phase section is usually used for 
fine wavelength tuning, and can also be used for FSK modulation [83]. The 
structure and configuration of a GCSR laser is shown in fig. 2.30. Further 
analysis on device fabrication, tuning mechanisms, and performance of these 
lasers has been described in [57]. 
 
 
Fig. 2.30.  GCSR internal scheme. (Figure from [84]). 
 
Generation of FSK signals was investigated by using this type of laser, 
injecting directly the data flow into the phase section. A bias current was 
necessary in order to fit the working point of this section. The magnitude of 
the frequency deviation of the generated FSK signal was shown to be 
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dependent on the current applied to the phase section. Frequency deviation 
values up to 40 GHz were measured by applying a current not exceeding the 
maximum tolerable value of 10 mA, although performance was greatly 
dependent on the selected wavelength. For the experiments reported here, a 
frequency deviation of 20 GHz was selected.  
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Fig. 2.31.  Wavelength-tunable FSK signal generation. The inset shows the poor FSK 
generation at specific wavelengths. 
 
Fig. 2.31 shows the measured optical spectrum of several channels while 
applying FSK modulation. From the figure, it can be observed that the GCSR 
lasers used in the experiments could be tuned over 32 nm in the 
1529-1561 nm range. The inset shows the detailed measured spectral 
structure of the generated FSK signal, which was greatly dependent on the 
selected channel. As will be evident in later sections, the combination of 
channels needed for the experiments (especially when generating WDM 
IM/FSK signals) was unfortunately so that several times a much degraded 
FSK spectrum was obtained. 
 
 
2.2.2  IM/FSK detection 
 
For the direct detection of the FSK label, it is important that one of the tones 
in the FSK signal be sufficiently suppressed so that, even with the 
interference of the IM payload, it would still allow for correct detection. The 
filter used for the FSK detection, therefore, had to show a sufficiently high 
suppression ratio and at the same time have an edge that was sharp enough to 
distinguish between the two FSK tones. 
40 2. Generation of orthogonally labelled signals 
 
 
Two schemes of detection were investigated. The first one applying an FBG 
based optical add-drop multiplexer (OADM), which showed an acceptable 
performance with regard to suppression and sharpness, but had the 
disadvantage of not being tunable amongst the different channels. The second 
scheme employed two cascaded filters, the first one of which was a tunable 
Fabry-Perot filter (FPF) 
 
Fig. 2.32 (a) shows the measured transmission and reflection response of the 
OADM used in later experiments, while fig. 2.32 (b) shows the spectrum of 
the transmitted and received FSK signal. The suppression between the two 
FSK tones achieved with this scheme was 15 dB, which proved to be 
sufficient for FSK detection, even with the IM payload modulation imposed 
on the signal. 
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(a)                                                                 (b) 
Fig.2.32. (a) Transmission and reflection of the OADM, (b) optical spectra of the 
FSK signal and demodulated FSK signal. 
 
A better performance was possible when using two cascaded filters. In this 
case an FBG and a tunable FPF. The enhanced performance of the two 
cascaded filters gave as result a suppression of 18 dB between the two FSK 
tones. 
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(a)                                                                 (b) 
Fig.2.33. (a) Transmission of FBG and reflection of FP filters, (b) optical spectra of 
the FSK signal and demodulated FSK signal. 
2.2. IM/FSK signal generation and detection 41 
 
Fig. 2.33 (a) shows the transmission response of the FBG (dotted line) and 
the reflection response of the FPF (solid line). It is to be noted that the 
sharpness of the edge of the FP filter proved to be higher than that of the 
OADM, and was highest when employing it in reflection. Fig. 2.33 (b) shows 
the spectrum of the transmitted and detected FSK signal in this detection 
scheme.   
 
 
2.2.3  Back-to-back performance 
 
 
 
 
 
Fig. 2.34.  Experimental setup for back-to-back measurements of IM/FSK signals. 
 
In later experiments presented in this thesis, the selected method for FSK 
generation was the DFB/EAM source presented in Section 2.2.1. Its 
back-to-back performance was therefore measured through the setup shown 
in fig. 2.34. At the receiver node, the labelled signal was split using a 3 dB 
optical splitter. The output of one arm was directly detected by a photodiode 
and thus the optical payload was converted into the electrical domain. In the 
other arm, a single lobe of the FSK labelled signal was filtered out by a FBG, 
thus achieving FSK demodulation. The demodulated label was received by 
an electrical receiver with a 1.8 GHz bandwidth.  
 
The drawback of the DFB/EAM method was measured and is shown 
schematically in fig. 2.35. The intensity modulation generated by the direct 
modulation of the DFB laser is shown on the left, and the IM generated with 
the negative data on the EAM is shown on the right. Together they should 
cancel each other out, thus giving a flat intensity response with a frequency 
modulation. In reality, the falling edge of the DFB induced modulation and 
the rising edge of the compensation introduced by the EAM did not exactly 
match, giving rise to a small ripple. This deteriorated one of every 32 of the 
IM payload eyes, thus reducing the performance of the system as a whole. It 
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is expected that if dedicated FSK laser sources were used in the transmission, 
this would improve the resulting BER performance. 
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Fig.2.35. FSK eye diagrams using the DFB/EAM method. 
 
Related to this problem, another aspect relevant for the design of the 
combined modulation format was the synchronization between the FSK and 
IM bits. Fig. 2.36 shows examples of the ripple effect when the FSK and IM 
bits were not perfectly synchronized and the degradation was at its worst. In 
this case the eye pattern was distorted and detection performance was greatly 
reduced. This effect would be accumulative in the case of label swapping 
through several nodes and thus the performance degradation would even be 
more severe. 
 
 
 
(a)                                                  (b) 
Fig. 2.36. Example of a detected 10 Gb/s (a) bit pattern and (b) eye diagram when 
the IM and FSK bit-sequences were not perfectly synchronized and the ripple effect 
was at its worst case. 
 
In fig. 2.37 the measured bit-pattern of the detected FSK label signal and its 
corresponding eye diagram are shown. As mentioned earlier, in the IM/FSK 
labelling scheme, some payload information is superimposed onto the label 
after the FSK demodulation. The received label eye diagram has a multi-level 
structure due to the intensity modulation of the payload, which can be 
observed in fig. 2.37 (b). The pattern dependence introduced by the 10 Gb/s 
IM payload on top of the 312 Mb/s label is clearly observable. In spite of 
that, the eye diagram remained open and the FSK label could be properly 
recovered. A degraded performance was also shown to be dependent on the 
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optimization of the receiver bandwidth. It was, in any case, clear that the 
modulation depth of the IM modulation is a crucial design parameter for a 
combined IM/FSK labelling system. Experimentally an ER of 3 to 6 dB 
allowed to detect the signals with an acceptable performance.  
 
 
  
(a)                                                                        (b) 
 
Fig.2.37. (a) Received pulse pattern and  (b) eye pattern of detected FSK modulation 
at 312 Mb/s, synchronized  to a 10 Gb/s IM pattern. 
 
Fig. 2.38 shows the relation between the measured receiver sensitivities for a 
BER of 10-9, of the payload and label when varying the modulation depth of 
the payload in the back-to-back case. As expected, reducing the ER of the 
payload enhanced the performance of the label, while making the sensitivity 
of the payload worse. A balanced sensitivity of the label and payload could 
be achieved with nearly 6 dB of IM extinction ratio.  
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Fig. 2.38. Payload and label receiver sensitivity versus extinction ratio of the 
payload.  
 
In an all-optical network, the performance of the label is far more important 
than that of the payload, because a single error in the label could mean that 
the whole packet was lost, hence having more dramatic consequences that an 
error in a payload bit. Therefore, the ER of the payload was generally 
selected so that the label performed better than the payload in the 
experiments. Fig. 2.39 shows the resulting BER curves for the back-to-back 
case of the IM/FSK combined modulation format with an IM ER of 5 dB and 
with an optimized electrical bandwidth at the label reciever. The receiver 
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sensitivity at a BER of 10-9 was -32.6 dBm for the FSK label and -24.2 dBm 
for the IM payload respectively. As mentioned earlier, this performance 
could be varied by changing the ER of the payload if it was viewed beneficial 
for the network to adjust the performance of the label with respect to the 
payload. 
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Fig. 239. Measured back-to-back BER curves of the payload and label. 
 
 
2.3  CSS labelling 
 
A novel method for optical subcarrier labelling was proposed in [85]. It was 
based on the carrier-suppression of the payload, which generated two 
sidebands onto which the optical label was modulated [86]. In this 
carrier-suppressed sideband (CSS) labelling scheme, the sideband label and 
the payload can be combined by using a directional coupler and separated 
from each other by means of an optical filter. The generated payload consisted 
of a 10 Gb/s IM modulated signal. For the label, two different bit-rates were 
implemented, at 156Mb/s and 1.25 Gb/s respectively. 
 
A schematic diagram of the proposed optical label transmitter is shown in 
fig. 2.40. The output of a continuous-wave laser was first split into two light 
beams through an optical coupler. The payload information was then directly 
impressed upon one of them using an external intensity modulator. In the 
other arm, the light was first modulated by a dual-drive Mach-Zehnder 
modulator driven by a radio-frequency (RF) clock generator. The DC bias 
difference of this modulator was set to be equal to the swing voltage Vπ  
while the RF clock signals driving the modulator arms had a π phase shift 
between them. In this way the output of the modulator consisted mostly of 
two sidebands  while the carrier component was strongly suppressed [87]. 
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Fig. 2.40. The proposed architecture of the optical label transmitter 
 
After the carrier suppression, the label information was impressed upon the 
two sidebands using a conventional intensity modulator. As the generated 
label did not have any optical carrier component in its spectrum, it could be 
directly multiplexed with the optical payload through an optical coupler. The 
spectra of the generated signals is shown in fig. 2.41. In the left hand side, it 
can be observed that the carrier component was strongly suppressed in the 
spectrum of the generated optical sidebands. The power ratio of carrier to 
sideband was measured to be below -32 dB, although it was heavily 
dependent on the input polarization state and RF voltage. Fig. 2.41 (b) shows 
the labelled signal with a label to payload power ratio of 5 dB. 
 
 
(a)                                                                    (b) 
 
Fig. 2.41. Spectrum of (a) the generated double sidebands with the suppressed 
carrier (b) the generated signal consisting of payload and label  
 
At the receiver, two FBG based OADMs used as filters were employed for 
the extraction of the payload and label from the transmitted signals. The edge 
of the first filter’s transmission function was located between the 
wavelengths of one sideband and the carrier. In this way, the sideband 
carrying the label information was dropped and inserted into the optical 
receiver. The carrier with the other sideband was then injected into the 
second OADM filter, the transmission edge of which was again located 
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between them. Thus the carrier containing the payload information was 
extracted by the second OADM filter and detected. Fig. 2.42 shows the 
spectra at different stages of the filtering process at the receiver.  
 
 
(a)                                                              (b) 
Fig. 2.42. Spectrum of (a) the extracted label after first OADM (b) the extracted 
payload with the residual label after second OADM. 
 
The main advantage of the proposed transmitter is that the label and payload 
signals can be controlled independently, allowing for an arbitrary label to 
payload power ratio, while adding a limited intermodulation distortion 
between them. Another advantage is that it does not require the use of RF 
mixers or optical notch filters, which reduce the system complexity.  
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Fig. 2.43.  Contour plot of the carrier suppression ratio as a function of the residual 
phase shift and the modulation index. 
 
The modulation index α = Vm/Vπ is the ratio between the amplitude of the RF 
signals Vm, and the voltage which is required in the MZM for a π-phase shift, 
Vπ. When Vbias is the DC voltage that biases one of the arms, the residual 
phase θ  = (π Vbias/Vπ) – π , indicates the disparity from the null point of the 
MZM. Fig. 2.43 shows the contour plot of the calculated suppression ratio as 
a function of the modulation index and residual phase shift. An optimum 
modulation index was found at 0.765 which is totally independent of residual 
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phase shift. Therefore even when the MZM was not working at its null point, 
a large suppression ratio of more than 80 dB still could be achieved by 
changing the RF voltage. 
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Fig. 2.44.  The extinction ratio of the payload versus the eye opening of the 
label which is normalized by the maximum optical power. 
 
Numerical calculations of the eye opening of the label as a function of the 
extinction ratio of the payload are shown in fig. 2.44. Clearly the eye opening 
of the label is decreased when increasing the payload extinction ratio. This 
indicates that also for this labelling method, a limited extinction ratio for the 
payload is required in order to detect the label. 
 
  
 
Fig. 2.45. Measured eye diagrams for (a) 10 Gb/s back-to-back payload, 
 (b) 1.25 Gb/s back-to-back label. 
 
Fig. 2.45 shows the eye diagrams of the signal at 10 Gb/s for the payload and 
1.25 Gb/s for the label. Due to the intrinsic amplitude fluctuation of the 
intensity modulated payload, the received label eye diagram had a multi-level 
structure, that reflected the payload information at 10 Gb/s. Because the 
payload and the label were synchronized with each other, every eye of the 
label showed 8 small eyes.  
 
The measured BER performances of the payload and the label for the 
back-to-back case and for the different label bit-rates, are shown in fig. 2.46. 
It can be observed that the performance is best when the label has a much 
(b) 
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lower bit-rate and thus would have a narrower spectrum. The sensitivity of 
payload and label when the label bit-rate was 1.25 Gb/s was -28 dBm, while 
when the label bit-rate was 156 Mb/s, the payload sensitivity was -36 dBm 
and the label sensitivity was -34 dBm. It is believed that an optimized 
filtering scheme would enhance the performance of the first case.  
 
 
 
Fig. 2.46. Measured back-to-back BER performance of the CSS scheme for 
various label bit-rates. 
 
On the negative side, the performance of the label when employing the CSS 
labelling method is lower than the one of the payload, specially at high 
bit-rates. This is the opposite of the desired response of a labelled signal, 
although the sensitivity still proved to be at a high level. Another drawback is 
that the upgrading of the payload bit-rate would mean that its spectrum would 
be broadened, which in turn would imply that the sidebands should be further 
apart. This would have an impact on the system, in the sense that filtering and  
RF generation should also be changed throughout the network. 
 
 
2.4  Encoding methods  
 
As shown in previous sections, the modulation crosstalk between IM payload 
and FSK label (or the DPSK label) degrades the performance of the label. 
This crosstalk is originated in the spectral overlap of the payload and the 
label [54]. Fig. 2.47 clearly demonstrates the modulation limitation of the 
IM/FSK scheme. Having to keep the modulation depth of the payload at a 
moderate level, might compromise the network performance and limit the 
network scalability. 
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Fig. 2.47. Eye-diagrams of detected 155Mb/s FSK labels in the presence of 10 Gb/s 
payloads with various extinction ratios. 
 
For improving the label receiving performance, four basic methods can be 
applied: 1) decreasing the modulation depth of payload, which in turn will 
degrade the performance of the payload; 2) improving the optical 
discriminating performance; 3) increasing the ratio of payload to label 
bit-rate, which taken a whole network design into consideration most likely 
would be fixed; or 4) reshaping the payload spectrum through DC-balanced 
coding, such as Manchester coding (MC) or 8B/10B coding. Fig. 2.48 shows 
the calculated spectra of DC-balanced codes compared to the NRZ format. 
The important difference is that the encoding methods present a limited (for 
8B/10B) or zero (for MC) DC component. When modulating the label, this 
would be the part of the spectrum where most of its power will be located. 
Therefore, a spectral separation between payload and label is achieved. 
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Fig. 2.48. Calculated spectra of  balanced codes compared to the NRZ format. 
 
The experimental results in this section will show that Manchester encoding 
is the most effective in improving the modulation performance of the optical 
labelling scheme. However, the Manchester code has a poor coding 
efficiency since it doubles the bandwidth requirements on the payload 
transmitter and receiver. 8B/10B on the other hand specifies no more than 
four sequential identical bits by encoding every 8 bits of data onto 10 bits of 
the encoded stream [89].  
 
Compared to the 100% extra spectral bandwidth required for the Manchester 
code, it only reduces the bandwidth efficiency by 20%. In addition, the 
generation of 10 Gb/s 8B/10B code has been demonstrated through the 
proper configuration of an electrical multiplexer [90].  
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Fig. 2.49. SNR performance of the FSK label in the presence of NRZ, Manchester 
and 8B/10B payloads, as a function of (a) the ER of the payload, (b) the ratio 
between payload and label bit-rate. 
 
Fig. 2.49 shows the SNR of the FSK label signal – if the power of the 
payload is treated as ‘noise’ for the label – when the payload is modulated in 
the NRZ format or encoded with MC and 8B/10B respectively. In 
fig. 2.49 (a) the payload to label bit-rate ratio was set to be 16 and the 
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extinction ratio of the payload was varied to verify the enhancement in 
performance due to coding. MC resulted in an improvement of more than 
20 dB compared to the NRZ format. Fig. 2.49 (b) shows the results at 
different payload to label bit-rate ratios when the extinction ratio of the 
payload was set to 20 dB. The relative improvement of the method showed to 
be greater at lower bit-rates.  
 
 
2.4.1  Manchester encoding versus NRZ  
 
Manchester coding has been shown to  offer several advantages, such as 
enabling a simple clock extraction operation [91]. Furthermore, its 
differential detection scheme exhibits a high-level intensity fluctuation 
tolerance [92], verifying itself as a promising coding system for high-speed 
burst mode transmission links [93]. In addition, Manchester coding greatly 
reduces low frequency components through spectrum shaping, hence having 
several applications in improving the modulation performance of network 
nodes [94], [95].  
 
A comparison between MC and NRZ is shown in fig. 2.50. In the NRZ code, 
a logic ‘one’ is defined as the high level state, while a logic ‘zero’ is defined 
as the low level state. In MC, there is a transition at the middle of each bit 
period: a low-to-high transition represents ‘one’, and a high-to-low transition 
represents ‘zero’. Such an encoding may be alternatively viewed as encoding 
‘1’ into ‘01’ and ‘0’ into ‘10’ at double the bit-rate. 
 
Bit Stream 1 0 1 1 0 0
NRZ
Manchester
Eye-diagram
one bit  
Fig. 2.50. Waveform and eye-diagram of Manchester coding and NRZ. 
 
Fig. 2.51 shows the measured power spectra of a Manchester-coded and 
NRZ-coded random pattern signal at 10 Gb/s. It can be observed that 
compared to NRZ, MC distributes more power in the high frequency region 
and less power in the low frequency region. A strong clock frequency 
component can also be observed in the spectrum. 
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Fig. 2.51.  Power spectrum of (a) Manchester encoding and (b) NRZ. 
 
 
2.4.2  Proposed method for Manchester generation  
 
A typical implementation of Manchester coding and decoding is shown in 
fig. 2.52. To generate the Manchester code, an electrical logic component is 
usually employed to perform an exclusive-or (XOR) operation between an 
original NRZ and clock signal [91]. 
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Fig. 2.52. Manchester coding/decoding 
 
Since no clock rate conversion is needed in this operation, Manchester coding 
can work well at high bit rates. To decode the Manchester signal, a 
differential amplifier is usually employed to compare the energy received in 
each half time slot. The differential operation creates a power difference 
between consecutive half bits, thus the signal can be converted back to the 
NRZ format [93]. 
 
Although the potential of electrical XOR operation has been reported at bit 
rates as high as 40 Gb/s [91], a Manchester encoded optical transmitter 
operating above 10 Gb/s is still difficult and costly to implement due to the 
scarcity of high-speed electrical logic gates. A novel method to implement 
high speed Manchester coding with an electro-optical Mach-Zehnder 
modulator (MZM) was proposed in [96]. Unlike previous reported encoding 
methods [94], it does not require any electrical logic gate.  
 
2.4. Encoding methods 53 
A Manchester code can be obtained through an XOR operation between an 
original NRZ signal and a clock signal. Consequently, there is always a 
transition, either rise or fall, at the middle of each bit period, which represents 
the ‘1’ or ‘0’ symbol respectively. The proposed method is based on a 
dual-drive MZM, which is driven by both a NRZ data and a clock signal. 
During each data bit, the clock signal will have a ‘high’ and a ‘low’ state. 
Thus, with the proper alignment, when the data signal is a ‘1’, the two arms 
will experience a π phase shift in the first half of the bit, and the same phase 
shift in both arms in the second half of the bit. The output of the MZM will 
then be a ‘01’ signal, and vice versa for a ‘0’ data bit, as exemplified in 
fig. 2.54. Therefore an XOR operation directly in the optical domain was 
performed, and a Manchester-encoded optical signal could be generated 
while no electrical XOR gates were needed.  
 
 
Bias
CW
Laser
NRZ DATA
Clock
=0 /Vπ
Manchester
encoded
optical signal
electrical
amplifier1
electrical
amplifier2
 
 
Fig. 2.53.  The proposed Manchester coding method. 
 
As shown in fig. 2.53, the MZM is configured to perform the logic operation 
between a NRZ data and a clock signal. As indicated by the measured output 
waveform in fig. 2.54, the symbols are finally transformed into transition 
edges at the middle of bit periods, thus achieving Manchester coding. 
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Fig. 2.54. Demonstration of XOR operation between NRZ data and clock   
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2.4.3  Experimental verification of Manchester coding 
 
            
(a) NRZ payload with 13dB ER            (b) detected label  
 
25 ps/div              
(c) MC payload with 13dB ER                (d) detected label 
Fig. 2.55. Eye-diagrams of extracted label in the presence of NRZ/MC payload. 
 
In order to experimentally verify the performance the IM/FSK labelling 
format in the presence of MC coding, a system was set up consisting of a 
622 Mb/s optical FSK label with a tone spacing of 20 GHz and a 10 Gb/s IM 
payload. The transmitter was based on the DFB/EAM method, while the 
receiver was based on a FP filter, as described in previous sections. 
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Fig. 2.56. BER performance of the extracted label in the presence of MC payload. 
 
Fig. 2.55 shows the eye-diagrams of the detected label in the presence of 
NRZ- and Manchester-coded payloads. In the presence of a NRZ payload 
with an ER of 13 dB, the detected label was greatly distorted and could not 
be detected with an acceptable BER. Conversely, with the MC payload at the 
same ER, the detected label had a large eye-opening resulting in error-free 
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performance. The results of BER measurements shown in fig. 2.56 indicate 
that adding the FSK label to the MC payload resulted in a 3.2 dB power 
penalty, as opposed to 9.8 dB for the traditional NRZ modulated payload (see 
fig. 2.39). 
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(a)                                                                     (b) 
Fig. 2.57.  RF power spectrum of extracted label in the presence of  (a) NRZ payload 
and (b) MC payload with 13 dB of  extinction ratio. 
 
In fig. 2.57 the measured RF power spectra of the extracted labels provide 
further information on the modulation performance.  In the presence of the 
NRZ payload, much of the label power is loaded with cross-talk noise 
induced by the payload. Alternatively, with the MC payload, the label can be 
distinguished by nearly 20 dB, thus allowing a much better receiver 
performance (these figures should be compared to the ones in fig. 2.51, 
where the label is not present).   
 
 
2.4.4  Experimental verification of 8B/10B coding 
 
The performance of 8B/10B encoding applied to the orthogonal labelling 
scheme was also evaluated experimentally. The transmitters and receivers 
were similar to the ones used in the last section, but in this case the label 
bit-rate was set to 156 Mb/s, while its FSK tone spacing was kept at 20 GHz 
and the payload bit-rate was 10 Gb/s.  
 
The 8B/10B code was directly generated through encoding a PRBS 29-1 
signal by programming the data pattern generator, corresponding to a 
periodical data pattern of 1280 bits. As shown in fig. 2.58 (a), the low 
frequency components of the payload spectrum below 100 MHz were greatly 
suppressed through 8B/10B encoding. Thus through 8B/10B encoding, much 
less interference from the IM payload was observed in the electrical spectrum 
of the demodulated label, shown in fig. 2.58 (b). 
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Fig. 2.58. (a) Power spectra of PRBS and 8B/10B encoded payloads (b) Power 
spectra of demodulated labels in the presence of PRBS and 8B/10B payloads. 
 
Fig. 2.59 shows the relation between the label receiver sensitivity and the ER 
of the payload. Through 8B/10B encoding, the degradation of the label 
receiver sensitivity with the increased ER is limited to a certain range.  The 
insets show the eye-diagrams of the received label when the IM payload ER 
was equal to 10 dB, which further verify the performance improvement in the 
presence of 8B/10B encoding.  
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Fig. 2.59.  Label receiver sensitivity versus IM ER in the presence of PRBS and 
8B/10B payloads. 
 
A further benefit of 8B/10B coding was found in the experiments where 
GCSR lasers were used to perform the FSK modulation. The used GCSR 
lasers exhibited a severe pattern-dependent modulation response when used 
to generate FSK signals, which was induced by their inherent non-uniform 
frequency response [97].  
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(a)                                                                  (b) 
Fig. 2.60. Demodulated 156 Mb/s FSK eye-diagrams of a GCSR laser modulated by 
(a) a PRBS and (b) the same PRBS but 8B/10B coded. 
 
This problem could be overcome by using DC-balanced encoding. Fig. 2.60 
shows the eye-diagrams of the demodulated FSK signal. When the GCSR 
lasers were frequency modulated by a PRBS data sequence, severe 
pattern-dependent intensity fluctuations could be observed in the received 
signals, as shown in fig. 2.60 (a). However, when 8B/10B encoding was 
applied, the eye-opening improvement in the received signals was clearly 
perceptible. 
 
 
2.5  Chapter summary 
 
In this chapter, the generation and detection of optical orthogonally labelled 
signals has been studied. Several methods of generating the orthogonal label 
have been presented, which included the IM/DPSK scheme, where the 
payload is intensity modulated and the label is differential-phase keying 
modulated; the IM/FSK scheme that also modulates the payload in intensity, 
while adding a frequency shift keyed label to the carrier; and finally, a 
carrier-suppressed sideband labelling scheme. 
 
Numerical analysis of the IM/DPSK transmitter and receiver revealed that a 
theoretical maximum of 9.5 dB could be used for the extinction ratio of the 
IM payload, while the requirements on the laser linewidth were dependent on 
the bit-rate and most severe for low label bit-rates. 
 
In experiments, the differential XOR operation was omitted in the transmitter 
throughout the thesis, because the signals under study were generated by 
pseudo-random bit sequences (PRBS), that become a shifted version of 
themselves when applying such a differential operation.  
 
The demodulation of the DPSK label was performed in a Mach-Zehnder 
interferometer (MZI) with a one bit delay in one of the arms. After 
demodulation, the signal still showed the presence of the IM modulated 
payload, which would set a limit to the extinction ratio (ER) to be employed 
for the payload. Obviously, a degraded intensity ER would result in a higher 
payload penalty. On the other hand, the ER should not be too large, in order 
to being able to detect the phase modulated label. It proved therefore 
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essential to optimize the ER of the transmitter. To comply with this limitation 
induced by the label, as well as to satisfy the requirements for a proper 
detection of the payload, an ER in the range of 3 to 6 dB was applied in the 
following analysis 
 
For the IM/DPSK labelling scheme, it was found that the system performance 
showed an improvement with increasing values of the ratio between the 
payload and label bit rate. The back-to-back sensitivity of a 10 Gb/s payload 
and a 2.5 Gb/s label was measured to be -25 and -29 dBm respectively, for a 
3dB ER of the payload. When increasing the payload bit-rate to 40 Gb/s, it 
was found that the 2.5 Gb/s label automatically performed better, enhancing 
its sensitivity by about 2 dB for a given ER. The payload at the higher bit-rate 
had a poorer performance at a given extinction ratio. 
 
An alternative approach to the IM/DPSK scheme was presented as the 
DPSK/IM scheme, where the payload was DPSK modulated at 40 Gb/s while 
the label was IM modulated at 2.5 Gb/s. In this case, the DPSK payload 
showed a B2B sensitivity of -32 dBm, while the IM label showed a 
sensitivity of -25 dBm 
 
The transmitter and receiver of the IM/FSK scheme were also investigated. 
The generation of the FSK signal was realized and measured using three 
methods, while the payload in all cases was added by a chirp-free 
Mach-Zehnder modulator (MZM). The first method was based on two 
tunable ECLs, which proved to be less effective due to the appearance of 
large intensity ripples due to the non-matching raising and falling edges of 
the lasers. 
 
A second and novel source for constant-amplitude FSK modulation, used a 
directly modulated DFB laser, where the corresponding unwanted intensity 
modulation was compensated by an EAM, which showed a much better 
result. However, small intensity ripples were still present at the output of the 
FSK source, due to the non-matching raising and falling edges of the DFB 
laser and EAM. When this signal was intensity modulated at a much higher 
bit-rate, this ripple would limit the performance of the payload. One way to 
limit the detrimental effect of the intensity ripple would be to carefully 
synchronize the payload and label data streams, so that the ripple would 
occur during the transition of two payload bits. Another simple way to 
overcome the problem would be to apply coding techniques that would allow 
for a higher ER of the payload, on which the ripple would have a much 
smaller impact. 
 
The third method for FSK generation would be modulating the phase section 
of a GCSR laser. These lasers showed a wavelength dependent FSK 
response, which meant that at certain wavelengths, the desired 20 GHz 
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tone-spacing of the FSK modulation could not be met. The DFB/EAM 
method showed the best performance and a higher stability, and was 
therefore used in most of the experiments presented in the rest of this thesis.  
 
The FSK detection was realized suppressing one of the tones by either a 
single filter or cascading two filters. The cascading method showed a 3 dB 
higher performance when detecting the remaining tone in a photo detector. 
The back-to-back receiver sensitivity at a BER of 10-9 was -32.6 dBm for the 
FSK label and -24.2 dBm for the IM payload respectively, at an ER of the 
payload of 5 dB. 
 
A third introduced alternative to all-optical labelling, was the CSS scheme, 
that is based on the carrier suppression of the payload and labelling 
modulation of the sidebands. An advantage of the proposed transmitter is that 
the label and payload signals can be controlled independently, allowing for 
an arbitrary label to payload power ratio. On the other hand, an upgrade of 
the payload bit-rate would mean that the whole system should be changed 
accordingly with regard to the label, which is not the case for the other 
labelling schemes presented in this chapter. The back-to-back sensitivity of 
this scheme was measured to be -28.5 dBm for both payload and label when 
the payload was modulated at 10 Gb/s and the label at 1.25 Gb/s. When the 
label bit-rate was reduced to 156 Mb/s, the sensitivities were respectively 
-34 and -36 dBm for label and payload.  
 
In both the IM/DPSK and the IM/FSK labelling schemes, one of the biggest 
drawbacks, is the large amount of cross-talk that the payload impresses on 
the label. This is due to the fact that both modulation methods use the same 
part of the spectrum as the highest energy transmission. A way of 
overcoming this problem (and therefore being able to enlarge the ER of the 
IM payload) is using encoding formats for the IM transmission.  
 
Because the label bit rate typically would be much lower than the payload bit 
rate due to the small amount of control information, the label signal would be 
a narrow-band signal. When applying a coding technique to the payload that 
would shift the most significant part of its power spectrum to higher 
frequencies, the cross-talk will be significantly suppressed. Line coding 
techniques, such as Manchester-coding [95] or 8B/10B coding [74] have 
proven to generate such a spectral shift. 
 
A novel method to implement high-speed Manchester coding (MC) was 
presented in [96]. The generated 10 Gb/s Manchester encoded signal showed 
error free performance, while applying the coding method to the IM/FSK 
scheme, showed a dramatically improvement in performance, by allowing the 
ER of the payload to be raised up to 13 dB. The drawback of MC is that it 
doubles the needed bandwidth of the signal. 
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An alternative coding method is 8B/10B, which only reduces the bandwidth 
efficiency by 20%. When this coding method was applied to an optical 
IM/FSK labelled signal consisting of a 10 Gb/s IM payload and a 156 Mb/s 
FSK label, a noticeable enhancement of the performance was achieved, 
which increased while enlarging the payload ER. This method also proved 
useful in reducing the pattern dependent modulation response of GCSR 
lasers. 
 
The overall results of the labelling schemes with regard to their back-to-back 
performance are be summarized in Table 2.2. For a payload at 10 Gb/s both 
the IM/DPSK and the IM/FSK schemes show a sensitivity of around 
-25 dBm, while the sensitivity of the label in those cases was in the region of 
-30 dBm, and could even be enhanced to almost -40 dBm if Manchester 
coding was employed, at the cost of doubling the required bandwidth. The 
carrier-suppressed sideband (CSS) labelling scheme showed a better 
performance, although the method does not allow for an upgrade in payload 
bit-rate without major changes in the label part of the system.  
 
Table 2.2. Compared B2B results for the proposed all-optical orthogonal labelling 
schemes. 
 
Bit-rate Sensitivity 
Scheme 
payload label payload label 
ER 
payload 
IM/DPSK 10 Gb/s 2.5 Gb/s -25 -29 3 
IM/DPSK 40 Gb/s 2.5 Gb/s -21 -25 6 
DPSK/IM 40 Gb/s 2.5 Gb/s -25 -32 3 
IM/FSK 10 Gb/s 312 Mb/s -24.2 -32.6 5 
IM/FSK-MC 10 Gb/s 622 Mb/s -24.2 -39.5 13 
IM/FSK-8B/10B 10 Gb/s 156 Mb/s -24.2 -35 10 
CSS 10 Gb/s 1.25 Gb/s -28.5 -28.5 - 
CSS 10 Gb/s 156 Mb/s -36 -34 - 
 
These results show that the orthogonal modulation formats are a promising 
approach to optical labelling for ultra-high packet-rate routing and 
forwarding in the optical layer. At the same time, the limitation on the 
intensity modulated extinction ratio has to be carefully considered for the 
given network, as a sub-optimized value would have a detrimental effect on 
the network scalability.  
 
 
 
 
Chapter 3   
 
Transmission of 
orthogonally labelled signals 
 
 
 
When transmitting an optical signal through a fiber, dispersion compensation 
has to be carefully tailored as to minimize the degradation of the signal, and 
power levels have to be optimized in order to reduce non-linearities while 
keeping an acceptable signal to noise ratio (SNR) [68]. For an orthogonally 
labelled signal, that consists of two superimposed modulation formats, this 
would be expected to be even more important.  
 
For the IM/FSK scheme strict requirements for dispersion compensation for 
the payload are expected, due to the walk-off between the two FSK tones, 
given that a large tone spacing is used for the FSK modulation. For the 
IM/DPSK scheme self-phase modulation (SPM) would convert the intensity 
modulation (IM) into phase modulation (PM), while dispersion would lead to 
PM to IM conversion [98]. 
 
In this chapter, the performance of all-optical orthogonally labelled signals 
with regard to transmission over various fiber spans will be investigated. 
Various types of compensation schemes and compensation ratios will be 
considered, and various fiber types studied. The issues of optimum power 
levels and extinction ratio (ER) will also be addressed. The IM/DPSK 
labelling scheme will be firstly investigated, followed by results on the 
IM/FSK scheme. Finally, the CSS labelling method will also be validated 
with respect to transmission. 
 
 
3.1  IM/DPSK transmission  
 
In this section the single channel transmission properties of all-optically 
labelled signals using the IM/DPSK orthogonal modulation, will be 
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investigated. Both numerical and experimental results of transmission links 
of various distances will be presented. The interaction of dispersion and 
non-linearities in transmission fibers has been extensively studied [99], [100]. 
Dispersion management issues, such as the difference in performance of the 
various compensation schemes will here be presented for the orthogonal 
modulation methods. In this context, pre-compensation is defined as the 
scheme that employs a dispersion compensating fiber (DCF) before the 
standard single-mode fiber (SMF) span; post-compensation as the scheme 
that is designed with the DCF after the SMF; and hybrid compensation as the 
scheme where the compensation is split equally between the start and the end 
of the fiber.  
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Fig. 3.1. Transmission setup of two-level optical labelling system. (Figure 
from [102]). 
 
A schematic diagram of the system under study is shown in fig. 3.1, where 
the different types of dispersion compensation are indicated. The transmitter 
and receiver of the IM/DPSK labelled signal are equivalent to the ones 
described in the previous chapter. 
 
 
3.1.1  Numerical analysis 
 
For the numerical analysis, a system based on an intensity modulated payload 
at 10 Gb/s accompanied by a DPSK modulated label at 2.5 Gb/s transmitted 
over a single span, was considered. Fiber spans of varying length consisting 
of SMF compensated by DCF with different degrees of compensation have 
been numerically modelled. The attenuation of the SMF was 0.19 dB/km and 
its dispersion 16.5 ps/nm/km at 1550 nm. The DCF had an attenuation of 
0.6 dB/km and a dispersion of -80 ps/nm/km. The degree of compensation 
was defined as the ratio of the dispersion accumulated in the DCF to the 
dispersion accumulated in the SMF. Fig. 3.2 show the results on eye-opening 
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penalty (EOP) performance of the payload – defined as the reduction in ER, 
measured in dB – in the post-, pre- and hybrid compensation schemes 
depending on SMF length, compensation ratio and input power. The figures 
indicate the maximum SMF length corresponding to a 2 dB EOP as a 
function of span average input power and degree of compensation.  
 
In all three cases, the optimum compensation ratio was found to be less than 
100%, which is believed to be due to the influence of the DPSK label on the 
signal (the 100% compensation was calculated for a pure IM signal). The 
hybrid and pre-compensation schemes showed a slightly higher tolerance to 
the change of the compensation ratio when the input power was of the order 
of 15 dBm. In all three cases, the power level could be varied between 0 and 
20 dBm, while still being able to achieve an acceptable performance. The 
lowest penalty of the payload was obtained in the pre-compensation scheme, 
which indicates that, provided the input power is kept constant, the 
pre-compensation scheme would respond with the largest payload 
eye-opening.  
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(c) 
Fig. 3.2  Maximum SMF length in km for a 2 dB EOP for the payload as a function 
of signal average input power and compensation ratio for (a) post-compensation, (b) 
pre-compensation and (c) hybrid compensation. 
 
Fig. 3.3 shows the EOP performance of the label for different compensation 
schemes. The transmission performance of the label was observed to be very 
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similar in all three cases. It is also found that, although the DCF could 
improve the eye opening of the payload, this would in turn always degrade 
the label performance. The reason for this is believed to be that a degraded 
payload extinction ratio would be beneficial for the label and vice versa, as 
discussed in Section 2.1. 
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Fig. 3.3.  EOP for the label as a function of compensation ratio and SMF length for 
hybrid compensation. Results for post- and pre-compensation are included to 
illustrate their similarity. 
 
 
3.1.2  Performance with 10 Gb/s payloads  
 
This subsection will present experimental results of the transmission of 
IM/DPSK labelled signals at a bit rate of 10 Gb/s for the payload and 
2.5 Gb/s for the label for different types of fibers and compensation schemes. 
First transmission over a 50 km post-compensated SMF link will be 
validated, followed by transmission over a 80 km pre-compensated NZDSF 
link. 
 
 
Transmission over 50 km of SMF with post-compensation 
 
The experimental setup is shown in fig. 3.4. The signal source was a 
wavelength tunable external cavity laser (ECL) working at 1552.5 nm. The 
signal was first intensity modulated by a Mach-Zehnder modulator. The 
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DPSK label was then impressed by a phase modulator. The transmission span 
consisted of 50 km of SMF followed by 8.6 km of DCF. The dispersion of 
the SMF at 1552.5 nm was 17.1 ps/nm/km, and its attenuation 0.18 dB/km. 
The accumulated dispersion of the dispersion compensated fiber span was 
3.92 ps/nm/km, and its total loss 15 dB. The input power to the fiber span 
was set to 6 dBm. 
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Fig. 3.4. Experimental setup for the transmission of IM/DPSK signals over a 
post-compensated fiber-span. 
 
At the receiver, a fiber based one bit delay demodulator was used for the 
DPSK label. As expected, a trade off between the extinction ratio 
requirements for the payload and the label was observed, which was similar 
to that of Section 2.1. An ER of 3 dB was chosen for the IM payload, in order 
to have an enhanced label receiver sensitivity.  
 
     
20ps/div                                      20ps/div                                           20ps/div 
(a)                                      (b)                                         (c) 
     
100ps/div                                      100ps/div                                           100ps/div 
(d)                                      (e)                                         (f) 
Fig. 3.5. Measured eye diagrams for (a) original pure IM signal at 10 Gb/s, 
(b) back-to-back payload, (c) payload after transmission over 50 km of SMF, 
(d) back-to-back label at 2.5 Gb/s, (e) label after 50 km transmission, (f) pure DPSK 
signal after 50 km transmission. 
 
The eye diagrams for the original data and the transmitted signal are shown 
in fig. 3.5. Due to the intrinsic amplitude fluctuation of the intensity 
modulated payload, the received label eye diagram presented a multi-level 
structure as discussed in Section 2.1, which becomes apparent when 
comparing fig. 3.5 (e) which corresponds to the IM/DPSK signal after 
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transmission, and fig. 3.5 (f) that shows the pure DPSK signal after 
transmission.  
 
The obtained BER curves are shown in fig. 3.6, compared to the cases where 
pure DPSK or IM signals were transmitted.  The sensitivities for a BER of 
10-9 after transmission, were -25 dBm for the label and -16 dBm for the 
payload. Compared to the IM/DPSK back-to-back performance shown in 
fig. 2.15, the power penalty after transmission for the label was below 1 dB. 
However, the payload experienced a relatively large penalty of up to 8 dB, 
due to the low extinction ratio at which it was modulated. A more optimized 
ER would be able to be found for transmission purposes, that would 
introduce a balanced and similar penalty for both payload and label. In any 
case, signals could be received with a BER in the range of 10-10. 
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Fig. 3.6. Measured BER performance for back-to-back (single modulation) and after 
transmission (orthogonal modulation). 
 
 
Transmission over 80 km of NZDSF with pre-compensation 
 
The transmission system analysed next is mostly identical to the previous 
one, except that the selected compensation scheme is pre-compensation, and 
the fiber used for transmission is a non-zero dispersion shifted fiber 
(NZDSF). These fibers are designed to have a small dispersion close to 
1550 nm in order to prevent large dispersion accumulation while preventing a 
phase matching condition for four-wave mixing (FWM) [103]. Other than the 
transmission link, the experimental setup is the same as in fig. 3.4. The ECL 
was  lasing at 1555.7 nm. The transmission span consisted of 80 km NZDSF 
with dispersion of 4.8 ps/nm/km and dispersion slope of 0.044 ps/nm2/km. A 
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matching length of DCF was used to fully compensate for the chromatic 
dispersion applied in a pre-compensating scheme. The ER of the payload was 
kept at 3 dB.  
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Fig. 3.7. Measured BER performance for back-to-back and after 80 km NZDSF 
transmission and eye diagrams of the payload and label after transmission. 
 
The BER performance and the eye diagrams of the payload and label after 
transmission over 80 km NZDSF with a pre-compensation scheme are shown 
in fig. 3.7. Very clear and open eyes could be obtained for both payload and 
label after transmission, even with the persistent multi-level structure of the 
label. Both the payload and label could be received with a BER of less than 
10-9 after the 80 km transmission link. The DPSK label experienced a very 
low power penalty of 0.5 dB due to transmission, which is comparable to the 
post-compensated SMF transmission discussed in the last section. The 
receiver sensitivity of the payload after transmission was observed to be even 
enhanced by 0.7 dB compared to the back-to-back case, which is believed to 
be due to a variation in the ER of the payload label. 
 
The receiver sensitivities of the payload and the label as a function of span 
input power are shown in fig. 3.8. A larger input power was found to be 
beneficial for the payload, whereas an optimum point for the label detection 
was found at 8 dBm. This is believed to be due to the fact that a large input 
power increased the cross-talk originated from SPM and as a consequence 
would influence the DPSK label. Compared to our earlier experimental 
transmission of the IM/DPSK signal over 50 km of SMF, the employment of 
NZDSF provided a considerable improvement, specially for the payload.  
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Placing the DCF after the NZDSF in a post-compensation scheme and lead  
to 1.5 dB penalty for the payload sensitivity for an input power level of 
6 dBm, while the same label sensitivity relatively to the pre-compensation 
scheme was maintained. 
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Fig. 3.8. Measured receiver sensitivity as a function of the span input power for 
IM/DPSK at 10/2.5 Gb/s over an 80 km post-compensated NZDSF span. 
 
3.1.3  Performance with 40 Gb/s payloads  
 
This subsection will present experimental results of the transmission of 
labelled signals at a bit rate of 40 Gb/s for the payload and 2.5 Gb/s for the 
label. The 8B/10B coding technique will be validated for the IM/DPSK 
labelling scheme in an SMF link of 40 km. After that, the alternative 
DPSK/IM labelling scheme will be validated for transmission over 50 km of 
SMF. 
 
 
Transmission of a 40/2.5 Gb/s IM/DPSK signal over 40 km of SMF 
using 8B/10B coding 
 
A transmission experiment was setup, in order to verify the effectiveness of  
encoding schemes used to relieve the extinction ratio requirements on the IM 
modulated payload, as well as to illustrate the possibility to upgrade the 
bit-rate of the payload in the system, without varying the system aspects 
regarding to the label. As discussed in the previous chapter, Manchester 
coding (MC) has advantages in clock-recovery and burst-mode data 
reception, however it doubles the bandwidth requirements on the payload 
transmitter and receiver, thus leaving only half of the bandwidth efficiency. 
Therefore 8B/10B was chosen as the coding technique for this system, 
because of its relatively high bandwidth efficiency (80%). 
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Fig. 3.9. Experimental setup used to verify the effectiveness of 8B/10B coding in an 
IM/DPSK transmission systems.  
 
The experimental setup is shown in fig. 3.9. The signal source was a 
wavelength tunable ECL working at 1550 nm. The 2.5 Gb/s DPSK signal 
was impressed through a phase modulator, that once again, did not make use 
of the pre-coder circuit for the DPSK format because the test signal was a 
223-1 PRBS pattern. Two MZM in push-pull configuration were used to 
generate a RZ payload at 40 Gb/s. The first MZM generated a 40 GHz RZ 
pulse train with 33% duty cycle. The modulator was biased at the peak of its 
transmission curve and differentially driven at twice the switching voltage 
with an ac-coupled half-bit-rate (20 GHz) sine wave. The second MZM was 
driven by a 40 Gb/s 8B/10B encoded data-stream. The 8B/10B coding was 
directly generated through encoding a 27-1 PRBS by programming the data 
pattern generator, corresponding to a periodical data pattern of 160 bits. The 
configuration of the receiver was equivalent to the ones discussed earlier. 
 
 
Fig. 3.10. Measured BER for payload and label in the back-to-back case and after 
40 km transmission.  
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The transmission span consisted of 40 km of SMF, with a matching length of 
DCF in a post-compensation scheme. The dispersion of the SMF and DCF 
was 16.9 ps/nm/km and -100 ps/nm/km, respectively. Fig. 3.10 presents the 
BER curves in the back-to-back case and after transmission, showing that the 
transmission penalties for the payload and label were less than 1 dB.  
 
The measured sensitivities of the payload and label as a function of the 
payload ER are shown in fig. 3.11, where once again, the trade off between 
the ER requirements for the payload and the label are observed. Without 
8B/10B encoding the balance point between the performance of label and 
payload was found close to 7 dB of IM extinction ratio. It should be noted 
that this optimum value could be decreased when a longer PRBS sequence 
was used for the payload due to the increased length of the continuous 
‘marks’ and ‘spaces’. When the payload was coded by a 27-1 PRBS 
sequence, proper DPSK label detection could not be achieved when the ER 
of the payload exceeded 8.6 dB. However, employing 8B/10B coding, the 
acceptable ER could be as high as 12 dB. Hence the limitation on the ER was 
overcome by employing 8B/10B coding for the payload and the system 
performance was significantly improved. The inset of fig. 3.11 shows the eye 
diagrams of the encoded signal at the point where payload and label showed 
a similar sensitivity, which was for about 10.5 dB of ER. 
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Fig. 3.11. Measured receiver sensitivity for the payload and label vs. input extinction 
ratio of the payload and eye-diagrams at an ER of 10.5 dB. 
 
 
Transmission of a 40/2.5 Gb/s DPSK/IM signal over 50 km of SMF 
 
Alternatively to the previous cases, orthogonal labelling can also be achieved 
through DPSK modulation simultaneously to IM modulation, but 
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interchanging the roles played by each modulation with regard to payload 
and label, as discussed in Section 2.1.2. In this transmission experiment the 
payload was DPSK modulated at 40 Gb/s, while the label was modulated on 
the intensity of the carrier at 2.5 Gb/s. The IM label insertion was performed 
by the use of a electro-absorption modulator (EAM). 
 
 
Fig. 3.12. Experimental setup for the DPSK/IM orthogonal modulation scheme. 
 
The experimental setup is shown in fig. 3.12. The DPSK modulation was 
generated through a phase modulator driven by a 40 Gb/s PRBS data stream 
of length 223-1. The label information at 2.5 Gb/s (PRBS 27-1) was added by 
a following EAM, thus producing an optically DPSK/IM labelled signal.  
 
The transmission span consisted of 50 km of SMF with a matching length of 
DCF in a post-compensation scheme. The dispersion of the SMF and DCF 
were 16.9 ps/nm/km and -100 ps/nm/km, respectively.   
 
At the receiver, the signal was split, and the label was directly detected by a 
photodiode and filtered. The signal in the other arm underwent a label erasure 
process that will be described in detail in Section 6.1.5, in order to optimize 
the payload receiver. The payload was then fed to an integrated 
Mach-Zehnder interferometer with the appropriate delay in one arm to 
demodulate the DPSK signal, and finally detected by a 50 GHz photodiode. 
The integrated demodulator used in the experiment was a prototype produced 
at Research Center COM by Christian Mikkelsen and Haiyan Ou. 
 
Fig. 3.13 shows the BER curves in the back-to-back case and after 
transmission over 50 km. The transmission penalty for the label was around 
2 dB, while the payload showed a higher penalty of approximately 6 dB. It is 
envisaged that a better sensitivity performance would be achieved when 
using an optimized demodulator and if a balanced-receiver was applied to the 
payload.  
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Fig. 3.13. Measured BER results of transmission of DPSK/IM labelled signals. 
 
  
3.2  IM/FSK transmission  
 
This  section will deal with transmission of an FSK label over an IM payload. 
The optical FSK transmitter will be based on an integrated DFB laser in 
conjunction with an EAM as proposed in Section 2.2.1, while three different 
filtering configurations for the FSK receiver will be analyzed after 
transmission. These will be a fiber Bragg grating (FBG), an optical add-drop 
multiplexer (OADM) and a tunable Fabry-Perot filter (FPF). Transmission  
through different dispersion maps with various compensation schemes and 
fiber types will be investigated both numerically and experimentally for an 
the IM/FSK labelled signal. Cascadeability through multi-hop transmission 
will also be validated.  
 
 
3.2.1  Numerical analysis 
 
The analyzed simulation setup is shown in fig. 3.14. The DFB/EAM FSK 
transmitter was driven at 156 Mb/s, and its modulation depth was chosen to 
generate a spacing of 20 GHz. The 10 Gb/s payload data was then impressed 
on that signal by a MZM.  
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Fig. 3.14. Setup used for simulations on IM/FSK transmission (figure from [104]). 
 
After transmission, the signal was amplified and split equally between the 
payload and label receivers. The label signal was filtered by an optical 
band-pass filter that suppressed one of the frequency tones by 15 dB, while 
the noise figure of the amplifiers was set to 5 dB. The filters used for 
suppression of ASE as well as detection of FSK were modelled after 
commercially available components. The orthogonally modulated carrier was 
amplified and transmitted through 80 km of standard SMF, compensated by 
12 km of DCF in various compensating schemes.  
 
 
Fig. 3.15. Calculated influence of ER on payload and label receiver sensitivity for 
post- and precompensation. 
 
Fig. 3.15 shows the influence of the extinction ratio on the quality of the 
signal after transmission for a span input power of 6 dBm, by calculating the 
sensitivity for a BER of 10-9. It shows that the performance was not greatly 
affected by transmission, as it compares well to the back-to-back results 
shown in fig. 2.38 of Section 2.2.3. The pre-compensation scheme showed a 
marginally better sensitivity for the payload. 
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Fig. 3.16. Calculated payload receiver sensitivity vs. input power for different 
compensation schemes. 
 
On the other hand, fig. 3.16 shows the dependence of the sensitivity of the 
payload on the span input power for different compensation schemes and 
compensation ratios. It can be observed that the compensation scheme had a 
significant influence on the payload sensitivity. A pre-compensated system 
achieved consistently better results for the payload than a post-compensated 
one. The difference in sensitivity between pre-compensation and 
post-compensation exceeded 2 dB in some cases. When the compensation 
ratio was reduced from full compensation, the performance was reduced (as 
opposed to the IM/DPSK modulation where under-compensating showed to 
have a positive influence on the performance of the system). Specially at high 
input power levels, the best results were achieved with a hybrid 
compensation scheme with 40% of the compensation before the SMF span.  
 
 
Fig. 3.17. Comparison of laboratory and simulation results for 100% compensation. 
The inset shows the simulated intensity ripple of the FSK source. 
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An optimum range of signal power launched into the fiber was found both in 
simulations and experiments. For the pre-compensating scheme, the payload 
receiver sensitivity had a minimum at approximately 8 dBm of input power. 
A lower input power did not provide a sufficiently strong signal to maintain 
the SNR, while excessive power caused the non-linear effects in the fiber to 
have a stronger impact on the signal. The label sensitivity was less influenced 
by the compensation scheme or by variations in input power. Simulations and 
laboratory experiments showed a very stable performance of the label signal, 
most likely due to the low bit-rate used for the FSK modulation. 
 
The payload performance showed a qualitative agreement between 
simulations and experiments, as shown in fig. 3.17. The optimum power level 
of 11 dBm was also observable in the experimental results. The inset of 
fig. 3.17 shows the simulated residual ripple from the DFB/EAM FSK 
source, caused by the non-matched dynamic responses of the DFB and EAM 
that was discussed in Section 2.2.1. 
 
 
3.2.2  Experimental results 
 
This subsection presents the experimental results of transmission of IM/FSK 
labelled signals. Various types of compensation schemes and compensation 
ratios will be applied and compared. Different filtering schemes will also be 
validated for label detection. First, transmission over 88 km of 
hybrid-compensated SMF will be validated for this form of labelling. Next, 
various compensation schemes will be compared for a transmission link of 
50 km of SMF. After that, various fiber types, compensation schemes and 
label bit-rates will be compared for transmission over 88 km links. Finally 
longer transmission spans will be demonstrated, employing different types of 
fibers. 
 
 
Transmission over 88 km of SFM with hybrid compensation  
 
In order to investigate the performance of the optical IM/FSK labelling 
scheme under transmission, a first transmission experiment was set up, 
consisting of an 88 km SMF transmission link, as shown in fig. 3.18.  
 
Two pattern generators were used to generate a 223-1 PRBS payload pattern 
at 10 Gb/s and a 27-1 PRBS label pattern at 312 Mb/s. The label information 
was impressed upon the optical carrier at 1555.0 nm, through FSK 
modulation, while the payload information was added by using a MZM. The 
input power to the fiber was 10 dBm and the DCF was deployed in a hybrid 
dispersion compensation scheme, where its length was split equally before 
and after the transmission fiber. 
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Fig. 3.18. Experimental setup for the transmission of the orthogonally labelled 
IM/FSK signal. 
 
At the receiver the label was directly detected, while, an FBG was used to 
filter only a single tone of the FSK labelled signal, as described in 
Section 2.2.2. An electrical receiver with 1.8 GHz bandwidth was used for 
the detection of the demodulated-label data. The suppression ratio between 
the two optical tones after the FBG was measured to be 20 dB.  
 
 
    
 (a) 20 ps/div                                                  (b) 1 ns/div 
 
Fig. 3.19. Eye-diagrams of the received (a) payload and (b) label. 
 
Fig. 3.19 shows the eye-diagrams of the extracted payload and label after 
transmission. As indicated earlier, interference was introduced between the 
payload and label through intermodulation distortion, as shown in 
fig. 3.19 (b). A good trade-off between the label and payload performance 
after transmission could be achieved with nearly 6 dB of payload ER. 
Fig. 3.20 shows the BER curves of the signal for this ER. The transmission 
penalties for the label and payload were 2.2 dB and 1.2 dB respectively, 
which would validate the labelling scheme at the given settings with regard to 
transmission. 
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Fig. 3.20. BER performance of the optically labelled signal after 88 km of 
transmission in SMF. 
  
 
Transmission over 50 km of SMF in various compensation 
schemes 
 
With regard to varying the compensation schemes, the conclusions of the 
numerical analysis shown in Subsection  3.2.1 were supported through the 
experimental setup shown in fig. 3.21. The bit-rate was set to 312 Mb/s for 
the FSK label and to 10 Gb/s for the IM payload. The generation of the 
signals was equal to the ones discussed so far. FSK tone discrimination at the 
receiver was in this case achieved by the edge of the reflection of a fiber 
grating based OADM that also acted as a band-pass filter. The transmission 
span consisted of 50 km of SMF with a matching length of DCF. Both the 
pre-compensating the post-compensating schemes were evaluated.  
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Fig. 3.21. Experimental setup for the transmission of IM/FSK signals over a 50 km 
dispersion compensated span. 
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(a)  1 ns/div                                           (b) 50 ps/div 
 
Fig. 3.22.  Received eye-diagrams of (a) the FSK label at 312 Mb/s and (b) the IM 
payload at 10 Gb/s. 
 
Fig. 3.22 shows the eye diagrams of the received signals. As already 
discussed, in the FSK signal shown in fig. 3.22 (a), the ‘one’ level got greatly 
broadened by the influence of the intensity modulated signal. This 
broadening was directly dependent on the ER of the IM payload. The 
somewhat small label eye opening detected with a payload ER of 5 dB 
proved to be enough for label detection. 
 
Fig. 3.23 shows the receiver sensitivity of the payload and label after 
transmission for the pre- and post-compensated schemes, as a function of the 
span input power. The results show a much better performance of the 
pre-compensating scheme, specially for the payload and at high power levels, 
which is in concordance with the numerical analysis. When the input power 
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Fig. 3.23. Receiver sensitivity of payload and label after transmission over 50 km of 
SMF for the pre- and post-compensating schemes. 
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was set to 11.5 dBm, the difference in receiver sensitivity was as high as 
9 dB. It is believed that the reason for this is that most of the non-linear 
effects occur in the first part of the fiber span, where the power is highest 
[106], [107], and the higher attenuation of the DCF would reduce the 
effective length and therefore the impact of nonlinearities [99]. The FSK 
label was much less affected by the compensating scheme. Pre-compensation 
showed a slightly better performance of about 1 dB for low levels of input 
power, while post-compensation appeared to perform better for power levels 
exceeding 10 dBm. 
 
Fig. 3.24 shows the corresponding BER curves at an input power of 6 dBm. 
For the label (square marks), little difference is measured between the two 
schemes, both indicating roughly a 2 dB power penalty in their sensitivity 
compared to the back-to-back case at a BER of 10-9. For the payload 
(triangles), on the other hand, the post-compensated transmission added 
3.5 dB of penalty, while pre-compensation showed a far better performance. 
The reason for this enhanced performance (that also was observed in a less 
degree in the IM/DPSK transmission) is related to the different attenuation 
between SFM and DCF. As mentioned earlier, the higher attenuation of the 
DCF will reduce its effective length, which is where non-linearities are 
significant [99].  
 
 
Fig. 3.24. Bit error rates vs. received power for back to back, and 50 km 
transmission both with pre and post compensation. 
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Fig. 3.25. Experimental setup for the transmission of IM/FSK signals over 80 km of 
SMF or  NZDSF. 
 
Besides the compensation scheme employed, the analysis performed in the 
last section for IM/DPSK labelling showed that the chosen type of fiber also 
has a strong impact on the performance of the system. In order to investigate 
this for the IM/FSK labelling scheme, the experimental system shown in 
fig. 3.25, was setup. It consisted of the same transmitter as in the previous 
sub-section, and a receiver that this time was based on a double optical filter 
stage that included a Fabry-Perot filter (FPF), which provided more than 
15 dB of suppression ratio between the two FSK tones. The optical FSK label 
was sent at two different bit-rates, of 155 or 312 Mb/s, while the payload was 
kept at 10 Gb/s. The transmission link consisted of 80 km of either SMF or 
NZDSF with the appropriate compensation. The dispersion of the SMF, the 
NZDSF and the DCF were 16.9,  4.9 and -100 ps/nm/km, respectively.  
 
 
Fig. 3.26. Receiver sensitivity of the payload as a function of span input power for 
different compensation schemes and fiber types. 
 
3.2. IM/FSK transmission 81 
 
 
Fig. 3.26 shows how the position of the DCF, the fiber types and the span 
input power affected the payload performance through the 80 km 
transmission link. The performance is measured as the sensitivity for a BER 
of 10-9, shown as a function of the span input power. 
 
For the 10 Gb/s IM payload, an improved performance could be obtained in 
both fiber types by making use of pre-compensation. The NZDSF showed 
large tolerance to the span input power. At low power levels, the performance 
was degraded by the build-up of ASE noise from the amplifiers, but as the 
power was increased self-phase modulation in conjunction with dispersion 
degraded the payload. Between these two extremes an optimum input power 
at around 8 to 10 dBm was verified in most cases, although it also was 
observed that the payload sensitivity was still improving in the 
pre-compensated NZDSF case when the input power was further increased. 
However, these increased power levels resulted in intensity overshoots and 
distortion in the eye-diagram, which would likely be detrimental to later 
stages in the network. This effect is observable in fig. 3.27,  which shows the 
eye-diagrams of the detected payload after NZDSF transmission at different 
power levels. 
 
         
(a)                                                (b) 
             
(c)                                                (d) 
 
Fig. 3.27. Influence of the span input power on the eye diagrams of a transmitted 
10 Gb/s IM payload. (a) 9 dBm, (b) 12 dBm, (c) 14 dBm and (d) 17 dBm. 
 
Fig. 3.28 shows how the different types of compensation, the label bit-rates 
and the span input power affected the label performance after transmission 
over 80 km of SMF. It can be observed that for the label performance, almost 
constant sensitivity could be obtained when changing the input power and 
compensation schemes for both bit-rates, although the lower bit-rate 
performed better by almost 15 dB in all cases. The insets  in fig. 3.28 show 
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the eye-diagrams of the detected label after transmission. Even with the 
superimposed payload information, the label-eyes were still open and 
allowed for error-free detection. 
 
 
Fig. 3.28. Receiver sensitivity of the label after transmission over 80 km of SMF, as a 
function of span input power for different compensation schemes and bit-rates. 
 
The system performance of the payload after transmission over SMF for 
different dispersion compensation schemes and ratios is shown in fig. 3.29. 
For the post compensation scheme, a slight under-compensation of about 2% 
improved the sensitivity by almost 5 dB at the minimum point corresponding 
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Fig. 3.29. Receiver sensitivity of the payload as a function of span input power for 
different dispersion compensation schemes and ratios for SMF transmission. 
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to an input power of 10 dBm. As the numerical results indicated, 
pre-compensation improved the performance of the IM payload considerably 
at all levels of input power, but even more at high power levels.  
 
Fig. 3.30 shows the system performance of the label after transmission over 
SMF for different dispersion compensation schemes and ratios. It was found 
that 96% of compensation would result in roughly 1 dB penalty compared to 
full compensation. Post compensation achieved a better performance by 
about 1.5 dB at its best performance corresponding to an input power level of 
9 dBm. However, all the measured sensitivities lay in a 3 dB range, showing 
a much smaller influence of compensation on the label than on the payload. 
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Fig. 3.30. Receiver sensitivity of the label as a function of different dispersion 
compensation schemes and ratios. 
 
Transmission over 138 km of SMF and 160 km of NZDSF 
 
In a real network, regular amplification of the signal is likely to take place for 
longer transmission links were no processing at a node would take place. 
Multi-span transmission of IM/FSK signals was also investigated over SMF 
and NZDSF. The longest reach of the SMF was 138 km, in the transmission 
link shown in fig. 3.31 (a), that included two pre-compensated spans and one 
post-compensated span, the length of which were 50, 44 and 44 km 
respectively. Between the spans, an amplifier was set to compensate for loss. 
The receiver sensitivity of the payload after transmission was measured to be 
-19.4 dBm, while the label showed a receiver sensitivity of  
-20.1 dBm, when the input payload ER was set to 4 dB.  
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Fig. 3.31. Transmission links over (a) 138km SMF, (b) 160km of NZDSF. 
 
For the NZDSF, the longest transmission achieved was 160 km, in a 
transmission link illustrated in fig. 3.31 (b), which consisted of two 
pre-compensated spans of 80 km each. The payload and label receiver 
sensitivities as a function of the input extinction ratio are shown in fig. 3.32 
for the 160 km NZDSF transmission.  It is noticeable that the point of equal 
sensitivity of the payload and label is shifted to a lower payload ER 
compared to the back-to-back case. The maximum tolerable ER for the 
payload in order to detect the label is also greatly reduced. It is envisaged that 
a too low extinction ratio could become a limiting factor for all-optical 
devices such as wavelength converters, label swappers and regenerators. 
Therefore network designers have to make a compromise in the choice of 
average distance between nodes when employing the IM/FSK labelling 
scheme. A scheme were the signal is not equally split between payload and 
label receiver, but favoured the label is believed to being able to contribute to 
partly alleviate this problem. 
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Fig. 3.32. Receiver sensitivity versus payload extinction ratio for back-to-back and 
after 160 km transmission. 
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3.2.3  Manchester-encoded transmission 
 
The analysis performed in Section 2.4, showed that DC-balanced encoding of 
the payload could efficiently improve the modulation performance of the 
IM/FSK scheme. In order to confirm this improvement in a transmission link, 
an optical signal consisting of a 10 Gb/s Manchester-encoded IM payload 
and a 156 Mb/s FSK label was generated, and its performance evaluated after 
transmission over 80 km of compensated SMF. 
 
The experimental setup is shown in fig. 3.33. After the DFB/EAM FSK 
source, a 20 Gb/s electrical 2:1 multiplexer (MUX) implemented the 
Manchester coding (MC) of the payload. When a 10 Gb/s payload data and 
its inverted data were simultaneously input into the MUX module with the 
same delay, the generated output signal consisted of the original data during 
the first half of the time slot, and a transit to the inverse data for the second 
half of the time slot, hence implementing MC in the electrical domain. This 
signal was then used to drive an intensity modulator with a nearly chirp-free 
performance. The generated signal was then transmitted over 80 km of SMF 
and 13 km of DCF with 3 dBm of input power.  
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Fig. 3.33. Experimental setup of a 10 Gb/s Manchester-encoded FSK-labelled 
optical signal transmission link. 
 
At the receiver node, the labelled signal was equally split, and in one arm was 
directly detected by a 20 GHz-bandwidth photodiode and decoded through an 
1:2 electrical demultiplexer module. In the other arm, a Fabry-Perot filter 
with a 20 GHz full-width half-maximum bandwidth was used to achieve FSK 
demodulation by suppressing one tone by 8 dB.  
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Fig. 3.34. Electrical spectrum of the demodulated FSK label before the electrical 
filter. 
 
As discussed in Section 2.4.1, MC achieves a balanced intensity modulation 
of the payload by avoiding long strings of ‘1’ or ‘0’ bits, hence improving the 
performance of the label. In addition, since Manchester coding consequently 
allowed a high on-off extinction ratio of the IM payload, the payload could 
have a larger tolerance to the unwanted intensity ripples induced by the 
imperfect FSK generation. In this way, MC strengthened the robustness of 
the system.  
 
Fig. 3.34 illustrates this performance improvement of the transmitted signal 
from a spectral point of view. As indicated by the dotted lines, MC reduced 
the spectral overlapping between the label and payload. Because of that, the 
received label had a SNR value – if the power of the payload is treated as 
‘noise’ for the label – of about 20 dB, which resulted in a good performance 
when an appropriate electrical filter was used after detection. 
 
  
(a) 2 ns/div                         (b)50 ps/div 
  
(c) 2ns/div                          (d) 50 ps/div 
 
Fig. 3.35. Eye-diagrams for an IM ER of 13 dB. (a) Intensity of the original FSK 
signal (b) FSK-labelled IM payload (c) demodulated label (d) decoded payload. 
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Fig. 3.35 shows the eye-diagrams of the transmitted and received optical 
signals. As shown in fig. 3.35 (a), the generated FSK modulated signal had a 
nearly constant amplitude with some intensity ripples, due to the DFB/EAM 
source for FSK, as explained in Section 2.2.1. As the Manchester-encoded 
IM payload allowed an extinction ratio as high as 13 dB, the intensity ripples 
had a minor effect on the payload, as shown in fig. 3.35 (b). The received 
eye-diagrams of label and payload after transmission, shown in 
figs. 3.35 (c) and (d), present larger eye-openings than the non-coded 
IM/FSK signals presented earlier in this section.  
 
BER measurements verified error-free transmission performance of both 
payload and label. The BER curves in fig. 3.36 (a) indicate that the penalty 
for FSK labelling the IM payload was only 0.5 dB at a BER of 10-9, while the 
transmission penalty was about 0.7 dB. Conversely, fig. 3.36 (b) shows that 
for the label, the superimposed IM payload induced about 3.7 dB of penalty, 
while the transmission penalty was nearly 1 dB. It is believed that the label 
performance could be further improved through optimisation of the 
bandwidth of the electrical low-pass filter at the receiver.  
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Fig. 3.36. Measured BER performance of (a) payload and (b) label. 
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3.3  CSS labelling transmission 
 
The carrier-suppressed sideband (CSS) labelling method presented in 
Subsection  2.3 was validated in a transmission experiment over a 50 km 
span of SMF with corresponding compensation. The optically labelled signal 
consisted a 10 Gb/s payload and a 156 Mb/s label, generated in the way 
presented in the above mentioned subsection. 
 
The experimental setup is shown in fig. 3.37. A dual-drive MZM with a 3 dB 
modulation bandwidth of 15 GHz and 3.5 dB of insertion loss, was 
configured to perform the carrier-suppressed modulation at the transmitter.  
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Fig. 3.37. Experimental setup for the transmission of carrier suppressed sideband 
labelled signals. 
 
The DC bias difference of the two arms was exactly equal to the swing 
voltage Vπ. An RF clock at 15 GHz was applied to a hybrid coupler, the two 
outputs of which had a π phase shift with respect to each other. These two 
outputs then drove the modulator to generate the two carrier-suppressed 
sidebands with a 30 GHz spacing. The other two MZ modulators functioned 
as intensity modulators to impress the 10 Gb/s payload and 156 Mb/s label 
information separately. The input extinction ratio of the payload was set to 
4 dB, and an optical attenuator was inserted in the payload arm to adjust the 
payload to label power ratio.  The generated signal at 1550 nm was then 
transmitted over 50 km SMF and a matching length of DCF.  
 
At the end of the transmission link, two FBG-based OADM filters were used 
for the extraction of the payload and label from the transmitted signals. As 
explained in Section 2.3, the first OADM extracted one side-band carrying 
the label information, while the second OADM suppressed the other 
side-band leaving the payload for detection. Some residual label information 
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was still present in the payload due to the limited sharpness in the edge of the 
second OADM filter. 
 
By changing the polarization state of the signal before the carrier-suppressing 
MZM and the input RF voltage, a suppression ratio of the carrier of up to 
30 dB could be achieved, which ensured that no modulation distortion was 
added to the payload at the multiplexing stage. The payload to label power 
ratio could be adjusted by the attenuator, and was set to 5 dB.  
 
      
(a) 25ps/div                                                    (b) 25ps/div 
Fig. 3.38. Eye-diagrams of (a) original payload before multiplexing (b) extracted 
payload.  
 
The payload eye-diagrams before and after transmission are shown in 
fig. 3.38, which illustrates the degradation of the signal due to transmission 
and extraction. The BER curves shown in fig. 3.39 show that the penalties 
induced by the labelling and transmission are only about 0.3 dB for both label 
and payload. 
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Fig. 3.39. Measured BER curves after generation and transmission over 50 km of 
SFM, for a carrier suppressed sideband labelled signal consisting of a 10 Gb/s 
payload and a 156 Mb/s label. 
 
90  3. Transmission of orthogonally labelled signals 
In order to asses the versatility of the labelling scheme with regard to bit-rate 
variations, a second transmission systems was built, consisting of the same 
10 Gb/s payload, but accompanied this time by a 1.25 Gb/s label. 
 
The experimental setup was the same as the one shown in fig. 3.37, and the 
transmission span was also identical. Because of the sharp edge of the 
OADMs, the achieved suppression of both the label with respect to the 
payload, and vice versa, was about 20 dB. It can be expected that an even 
larger suppression could be obtained if a narrow notch filter was deployed for 
payload and label separation. 
 
          
(a)                                                             (b) 
Fig. 3.40. Measured eye diagrams for (a) payload after 50 km transmission, (b) label 
after 50 km transmission. 
 
The eye diagrams for the transmitted signal are shown in fig. 3.40 and should 
be compared to the ones in the original eyes of the back-to-back case, shown 
in fig. 2.45 of Section 2.3, indicating that only a slight distortion was 
introduced by transmission. 
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Fig. 3.41. Measured BER performance for back-to-back and after 50 km 
transmission for a 10 Gb/s payload and a 1.25 Gb/s label. 
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The measured BER performance of the 10 Gb/s payload and the 1.25 Gb/s 
label for back-to-back case and after 50 km of transmission are shown in 
fig. 3.41. As in the 156 Mb/s label case, error-free transmission of both the 
payload and the label can be achieved simultaneously, although the 
sensitivity was reduced by about 5 dB. After transmission, the label and the 
payload showed a low power penalty below 1 dB.   
 
 
3.4  Chapter summary 
 
In this chapter, the transmission of all-optical orthogonally labelled signals 
has been studied. Issues concerning dispersion schemes, dispersion ratios and 
input power levels have been investigated both numerically and 
experimentally. Compensation was performed according to three schemes: 
pre-compensation, where the compensation is located at the start of the 
transmission span; post-compensation, where it is located at the end; and 
hybrid-compensation, where it is split equally between the start and the end 
of the span. Various types of fibers have been assessed for the different 
labelling schemes. The results indicate that the transmission over hybrid 
compensated NZDSF could have the best performance. 
 
For the whole of the chapter, the results are only comparable when they 
concern the same experimental setup, and have therefore been grouped in that 
way in the sections. For different experiments, the results are not directly 
comparable, as  the detection scheme vary, the ER of the payload is modified, 
the filtering and amplifiers are diverse, and other parameters are changed. 
The focus has been set more on the demonstration of the feasibility of the 
transmission of the various labelling schemes, than on a comparison of their 
performance. 
 
With regard to IM/DPSK labelling, numerical analysis were performed for a 
system with a 10 Gb/s payload and a 2.5 Gb/s label. For the payload, it was 
found that sub-compensating led to an enhancement in performance for all 
compensation schemes, while hybrid compensation showed the largest 
resilience tolerance to input power variations. The label, on the other hand, 
was always degraded by the use of dispersion compensating fibers, and its 
transmission properties were similar for the three schemes. The results 
suggested that the pre-compensation scheme would result in a smaller 
eye-opening penalty than post-compensation, which was later experimentally 
confirmed. 
 
The labelling method was experimentally verified with regard to transmission 
over 50 km of SMF with post-compensation. This system showed a 
92  3. Transmission of orthogonally labelled signals 
sensitivity of -25 dBm for the label and -16 dBm for the payload. The 
received label eye diagram had the same multi-level structure, as was 
discussed in Chapter 2. Transmission over 80 km of NZDSF with 
pre-compensation showed a better performance, with less than 1 dB of 
transmission penalty. An optimum span input power was found around 
8 dBm. 
 
In order to be able to increase the ER of the payload while simultaneously 
ensuring DPSK reception, 8B/10B was employed on a 40 Gb/s IM payload 
and a 2.5 Gb/s DPSK label. The acceptable extinction ratio could be 
increased up to 12 dB resulting in a significant enhancement of the system 
performance.  
 
The alternative DPSK/IM labelling scheme introduced in Section 2.1.2 was 
also experimentally validated with regard to transmission. Transmission over 
a 50 km SMF link of a 40 Gb/s DPSK modulated payload and a 2.5 Gb/s IM 
label, showed a transmission penalty of 2 dB for the label and 6 dB for the 
payload.  
 
Simulations and experimental investigation of the transmission performance 
of IM/FSK orthogonally modulated signals using different compensation 
schemes, compensation ratios and fiber types, were also presented. The 
influence of span input power and extinction ratio on receiver sensitivity was 
evaluated. The numerical results for a 80 km fiber link revealed that also in 
the IM/FSK scheme, the pre-compensation scheme showed better 
performance for both the SMF span and a NZDSF span compared to 
post-compensation.  
 
The labelling method was verified with regard to transmission on a system 
consisting of a 10 Gb/s IM payload with a 312 Mb/s FSK label. This signal 
was transmitted over 88 km of SMF in a hybrid-compensation scheme, after 
which the demodulation scheme for the label was based on a FBG. The 
penalty for this transmission was 2.2 dB for the label and 1.2 dB for the 
payload, and the sensitivities for a BER of 10-9, -23.5 and -22.4 dBm, 
respectively. 
 
An experimental comparison of the performance of the signal for the three 
compensating schemes was setup for a 50 km SMF transmission system, 
where the demodulation of the label was based on an OADM. For a 10 Gb/s 
payload and a 312 Mb/s label, the pre-compensating scheme showed a 
notoriously better result for the payload than the post-compensating scheme, 
while the label was little affected by the various schemes.  
 
After that, the influence of the chosen fiber type was investigated over an 
80 km fiber link with a label demodulation based on a FPF. An optimum of 
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the input power to the fiber of around 10 dBm for post-compensation and 
14 dBm for pre-compensation was found when sending the signal over 80 km 
of SMF and  NZDSF. This optimum reflected the trade-off between SNR and 
non-linearities in the fiber. The label showed again an almost constant label 
sensitivity with respect to span input power. A comparison on compensation 
ratios, confirmed some enhancement in performance by slight 
under-compensation. 
 
Furthermore, transmission over 138 km of SMF and 160 km of NZDSF was 
achieved. For the 138 km SMF transmission the receiver sensitivities were 
measured to be -19.4 dBm for the payload and -20.1 dBm for the label, which 
translated into transmission penalties of 5.1 dB and 3.4 dB respectively. 
When using NZDSF, the maximum distance was raised to 160 km. However, 
an observed reduction of the optimum ER for the payload would need to be 
taken into account when designing such a system. 
 
The enhanced performance of the IM/FSK labelling scheme when employing 
Manchester coding for the payload was assessed for transmission. A 10 Gb/s 
payload and a 156 Mb/s label were transmitted over 80 km of compensated 
SMF. The results showed that MC greatly enhanced the performance of the 
system at the cost of requiring twice the bandwidth for the payload. 
 
Finally, the properties of the carrier-suppressed sideband labelling with 
regard to transmission were analyzed. A 50 km transmission system was 
setup for a signal consisting of a 10 Gb/s payload and a 156 Mb/s label, 
which resulted in less than 1 dB of power penalty for both payload and label. 
When increasing the label bit-rate to 1.25 Gb/s and using the same 
transmission link, the penalty remained below 1 dB, clearly demonstrating 
the feasibility of this scheme.  
 
In conclusion, the experimental results suggest that an optimized 
transmission through network nodes would preserve the orthogonally 
modulated signals. The best choice for transmission dispersion design would 
be NZDSF in a hybrid- or pre-compensation scheme, while the optimum 
input power and payload ER have to be adjusted for each transmission link.  
 
 
 

 
 
 
Chapter 4  
 
WDM transmission of 
orthogonally labelled signals 
 
 
 
The results presented in previous sections show that some trade-offs have to 
be made to provide the maximum receiver sensitivity for both the payload 
and the label. Obviously, in a WDM system these parameters and trade-offs 
also have to be taken into consideration. But on top of that, signals could be 
degraded through fiber non-linearities and the filtering schemes employed in 
multiplexing and demultiplexing of channels should be optimized in order to 
avoid further degradation [68].  
 
In this chapter, the transmission of orthogonally labelled signals in a WDM 
environment will be studied. First, a numerically evaluation on the feasibility 
of WDM transmission of orthogonally labelled IM/FSK signals will be 
presented. The main addressed issues will be multiplexing, filtering and 
transmission impairments.  
 
In the second section, the numerical results will be verified with regard to 
arrayed waveguide grating (AWG) detuning tolerance and wavelength 
channel spacing. After that, an 80 km eight-channel WDM transmission 
system will be implemented, in which one channel will be IM/FSK labelled 
and the other seven channels will be conventional intensity modulated at 
10 Gb/s. This will be compared to a similar setup where the intensity of the 
signals will be Manchester encoded. In another implementation, a fully 
IM/FSK 3 channel transmission over 80 km of standard single-mode fiber 
(SMF) will be implemented using various types of sources which were 
presented in Section 2.2.1. Finally, a WDM transmission employing the 
IM/DPSK labelling format will also be validated in conjunction with 8B/10B 
coding of the payloads. 
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4.1  Numerical analysis 
 
This first section presents numerical results on the limitations introduced by 
WDM systems with regard to orthogonally labelled IM/FSK signals. A first 
simulation will analyze the characteristics of multiplexers and demultiplexers 
used at transmitter and receiver. Then the limitations to filter detuning in the 
system are identified. Finally, an 8 channel WDM transmission systems is 
analyzed.  
 
 
Multiplexing and demultiplexing 
 
One of the parameters that would need to be optimized in a WDM IM/FSK 
system would be channel spacing [68]. The tolerable bandwidth of the filters 
used in multiplexing and demultiplexing would be related to this parameter. 
A back-to-back simulation was performed for a 10 Gb/s IM payload and a 
156 Mb/s FSK label, varying the channel spacing from 50 to 100 GHz. The 
degradation of the signals was lower than 1 dB with respect to these 
parameters and ranges. Fig. 4.1 shows the payload and label receiver 
sensitivity as a function of channel spacing when filters of 40 GHz of 
bandwidth were used for de-multiplexing. 
 
Fig. 4.1. Back-to-back performance of two multiplexed channels compared to the 
performance of a single channel. 
 
It was found that the payload information  could not acceptably be detected 
for a channel spacing of less than 60 GHz, given that for lower values of 
channel spacing, the intensity modulation side-lobes began to overlap 
introducing inter-channel cross-talk. On the other hand, the label did not have 
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this lower limit on channel spacing. Its receiver sensitivity was degraded by 
less than 1 dB, even in the case when the channel spacing was reduced to 
50 GHz. The label performance only started to decrease for channel spacings 
of less than 20 GHz, which corresponded to the spacing of the FSK tones. 
  
 
Filtering induced limitations 
 
In an WDM optical network the labelled signal is likely to traverse several 
optical nodes from the source to the destination. Each WDM channel would 
be filtered out at each node for independent detection of the label. The 
retransmitted payload, would be filtered several times, so the degradation of 
the signal would accumulate from one node to the next.  
 
In order to assess the potential degradation of the IM/FSK orthogonally 
labelled signal by filter cascading, a simulation using several filters was 
carried out. A 6 dBm IM/FSK signal was transmitted through ten first-order 
Gaussian tuneable optical band-pass filters, the bandwidth of which was 
varied between 40 and 60 GHz. The results are presented in fig. 4.2.  
 
 
Fig. 4.2. Payload and label receiver sensitivity vs. number of traversed filters with 
bandwidth of 40 and 60 GHz. 
 
For a 40 GHz filter bandwidth the payload could be detected with a BER 
value of less than 10-9 only after two filters. At this point the a receiver 
sensitivity penalty was 2.8 dB. When the bandwidth was increased to 60 GHz 
the payload could be adequately detected after five cascaded filters, after 
which, the penalty was 3.9 dB. The label was more tolerant to filtering and 
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could be received with a BER of less than 10-9 after all ten cascaded filters 
with a negligible penalty. 
 
Furthermore, for the performance of a network, if some misalignment in the 
center frequency of the filters occurs, the amplitude of one of the FSK tones 
will experience a larger limitation than the other. The resulting imbalance 
would convert the FSK signal into an intensity modulation, and thus reduce 
the OSNR of the payload. Fig. 4.3 shows the numerical results with regard to 
payload and label receiver sensitivities as a function of filter detuning, when 
a single first order Gaussian filter with a 60 GHz bandwidth is employed. 
 
 
Fig. 4.3. Payload and label receiver sensitivities vs. filter detuning.  
 
The results show that the payload could only tolerate a detuning in the range 
of 3 GHz, which puts a stringent requirement on the stability of the 
components in the system. The label was more tolerant to detuning. As the 
demodulation at the receiver was set to select the lower FSK tone, the 
performance was even enhanced when the misalignment of the filter was to 
the same side. A higher penalty was obviously observed when the detuning 
of the filter and the receiver each suppressed a different FSK tone.  
 
If more than one filter were to be cascaded and all filters were detuned by the 
same amount, the influence would be even more pronounced. In the case of 
four cascaded filters, a detuning of only 1 GHz  was found to be tolerable in 
order to be able to receive the payload with a BER of less than 10-9. 
However, if the detuning in each filter would be random, the resulting signal 
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spectrum preserves a similar power in both FSK tones and thus, the power 
penalty with respect to the aligned filters is negligible. 
 
 
WDM transmission 
 
This section presents the numerical results of the transmission of eight 
IM/FSK channels in a WDM system. The output of eight IM/FSK 
transmitters with various channel spacings was multiplexed, amplified with a 
amplifier noise figure of 5 dB and transmitted through 80 km of fully 
pre-compensated SMF. The attenuation of the SMF was 0.19 dB/km and its 
dispersion 16.5 ps/nm/km at 1550 nm. The DCF had an attenuation of 
0.6 dB/km and a dispersion of -80 ps/nm/km. After transmission, the signal 
was re-amplified, demultiplexed and detected. The multiplexer and 
demultiplexer consisted of 8 third order Bessel filters with a bandwidth of  
40 GHz. The IM ER of all channels was set to 6 dB, while the average input 
power to the transmission link was varied from 3 to 15 dBm. 
 
Fig. 4.4. Payload receiver sensitivity vs.  fiber span input power for various values of 
channel spacing. 
 
Fig. 4.4 shows the payload receiver sensitivity as a function of total input 
power to the fiber span, for various degrees of channel spacing. The results 
show that the transmission of 8 channels, spaced by 200 GHz, introduced a 
payload receiver sensitivity degradation of less than 1 dB compared to a 
single channel. The source of the penalty is most likely the filtering effect in 
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the multiplexer discussed in the previous subsection. The sensitivity curve 
had the same shape as in the case of single channel transmission, exhibiting a 
minimum for an input power of 15 dBm, which was 9 dBm higher than for 
simulations done for the single channel case. The shift in power optimum 
was caused by the fact, that in the WDM simulation the power of all channels 
was taken into account. The power of the individual channel at the sensitivity 
optimum was approximately 6 dBm, which then is in concordance with the 
single channel simulation results (see Section 3.2.1). As the channel spacing 
was reduced down to 80 GHz, the receiver penalty was negligible, and even 
for a channel spacing of 60 GHz, the sensitivity showed still to be within 
2 dB. 
 
 
4.2  Measured WDM system limitations 
 
The previous section showed how filter detuning may strongly affect the 
system performance. In order to verify these numerical findings, in this 
section, the impact of channel spacing and AWG detuning on system 
performance will be experimentally investigated, followed by a first approach 
to the identification of channel-spacing limitations. 
 
 
Arrayed-waveguide-grating (AWG) detuning tolerance 
 
Arrayed-waveguide-gratings can be used to multiplex and demultiplex 
wavelength channels in WDM transmission systems [68]. As discussed in the 
previous section, in order to design an operational WDM network, the impact 
of laser frequency drift and optical filter stability should be taken into 
consideration. Compared with a conventional IM signal, the IM/FSK signal 
usually has a broadened spectrum due to the imposed FSK modulation. 
Therefore, imperfect alignment between the labelled channel and the AWG 
transfer function center frequency will cause an FSK to IM conversion that 
will induce crosstalk from the FSK label to the IM payload.  
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Fig. 4.5. Experimental setup for measuring AWG detuning tolerance. 
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The experimental setup for measuring the impact of AWG detuning on 
system performance is shown in fig. 4.5. A DFB/EAM source generated a 
156 Mb/s FSK signal. An IM payload at 10 Gb/s was then imposed through 
intensity-modulating a MZM. The IM ER was set to 6 dB and the center 
wavelength of the signal was 1549.2 nm. This IM/FSK signal was first sent 
through a 8-channel AWG with a 3 dB bandwidth of 0.7 nm, was then split 
by an optical coupler and detected by a 10 GHz bandwidth receiver for the 
IM payload and a 600 MHz bandwidth receiver for the FSK label. 
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Fig. 4.6. Measured AWG transfer function represented together with an IM/FSK 
signal spectrum. 
 
The channel spacing of the AWG was 200 GHz, and through 
temperature-control, the center wavelength of each channel could be detuned 
up to 100 GHz. The AWG used in the setup had a Gaussian shape with nearly 
80 GHz of 3 dB bandwidth, as shown in fig. 4.6. 
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Fig. 4.7. Measured sensitivity of detuned payload and label in the presence of AWG. 
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The impact of filter detuning can be observed in fig. 4.7. The experimental 
results show a high level of similarity with the numerical results shown in 
fig. 4.3 for the payload. The label results appear to have a somewhat smaller 
degree of tolerance to the detuning of the AWG than predicted by the 
numerical results. This is believed to be due to the fact that the OSNR was 
worse for the experimental setup than in simulations.  
 
The reduction in system performance is also observable in fig. 4.8, that 
shows the eye-diagrams of the received 10 Gb/s IM payload signal. When 
detuning the channel center wavelength, the two FSK tones of the IM/FSK 
signal at the output of the AWG would no longer be of equal amplitude, 
hence inducing intensity fluctuations on the signal and degrading the 
performance of the IM payload.  
 
  
(a) no detuning                                             (b) 5 GHz detuning 
  
(c) 10 GHz detuning                                    (d) 15 GHz detuning 
 
Fig. 4.8 Eye-diagrams of the optical payload in the presence of AWG detuning. 
Horizontal scale is 50 ps/division. 
 
The filter detuning had a lower impact on the performance of the FSK label, 
where the power level of the tones could be increased or decreased during 
FSK demodulation. This is reflected in the lower slope of the sensitivity 
curve of the label, shown in fig. 4.7.  
 
A more detailed plot of the measured receiver sensitivity induced by AWG 
detuning is shown in fig. 4.9. From it, it is observable that in order to induce 
at the most 1 dB of receiver power penalty for the IM payload, the center 
wavelength of the AWG should be kept within 0.08 nm (i.e. 10 GHz) of its 
original value. Given that the tone spacing of the FSK label was set to 
20 GHz, this result is not surprising, as a 10 GHz detuning would mean 
centering the filter on one of the FSK tones, thus converting the label into 
amplitude interference. 
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Fig. 4.9. Receiver sensitivity for the IM payload and FSK label as a function of the 
AWG center wavelength. 
 
As the numerical results of the previous section indicated, when the IM/FSK 
signal is transmitted through a number of cascaded filters, the requirement on 
filter detuning would become more stringent than for a single filter. This 
would happen when the signal is re-transmitted from node to node in a 
labelled network. Fig. 4.10 shows the experimental setup used to investigate 
the IM/FSK signal performance under filter detuning at several network 
nodes. The same AWG as in the previous experiment was placed into a loop 
that included a dispersion-compensated 80 km SMF link.  
 
Pattern
Generator 1
DFB EA
156 Mb/s,
PRBS 210-1
EDFA
Pattern
Generator 2
10 Gb/s,
PRBS 231-1
to FSK Receiver
and IM Receiver
DCF
80km SMF
Loop Switch
10:1 coupler
EDFA
A
W
G
EDFA
EDFA
Att 1
Att 3
Att 2
MZM
 
 
Fig. 4.10. Experimental setup for the investigation of the performance of a detuned 
AWG in a re-circulating loop experiment. 
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The experiment would replicate the situation of re-transmitting the IM/FSK 
signal through several network nodes that would be 80 km apart. No label 
swapping was performed, as the focus was set on the impact of cascaded 
filter detuning. 
 
  
(a) 1 loop, no detuning              (b) 2 loops, no detuning              (c) 4 loops, no detuning 
       
(a) 1 loop, 2 GHz detuning         (b) 2 loops, 2 GHz detuning         (c) 4 loops, 2 GHz detuning 
 
Fig. 4.11.  AWG detuning performance in a loop experiment (50 ps/div). 
 
As expected, and shown in fig. 4.11, the IM/FSK signal tolerance to AWG 
detuning was further reduced in a cascaded AWG transmission link. When 
the IM/FSK signal was sent through 4 AWGs, the maximum acceptable 
frequency detuning was 2 GHz in order to ensure error-free performance. In a 
real network, this limit would only exist if the detuning was equal in the 
filters of all nodes. In practice, the detuning of filters would probably happen 
in a random way and the detrimental effect of each one would mostly be 
cancelled out by the average of all detuned filters in the system. This would 
result in higher losses, but not in label to amplitude conversion. The stringent 
requirement on AWG detuning could also be relaxed through using a flat-top 
pass-band AWGs or by reducing the FSK tone spacing of the optical label. 
 
 
Channel spacing  
 
The allowable spacing of the IM/FSK signal to a neighbouring channel was 
investigated, in order to verify the performance of the IM/FSK labelling 
method in a conventional WDM system.  
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Fig. 4.12. Experimental setup for measuring the impact of channel spacing. 
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In the experimental setup shown in fig. 4.12, the 156 Mb/s FSK signal 
generated by a DFB/EAM source, was multiplexed with the output of a 
tunable laser, through a 3 dB coupler. The 10 Gb/s payload data generated by 
a PRBS source with a sequence length of 231-1, was then imposed on both 
channels by a low-chirp intensity modulator set to induce 6 dB of ER on the 
intensity modulation. After the modulator, the signals were transmitted 
through 80 km of SMF, which would de-correlate the signals with respect to 
the intensity modulation. At the receiver end, an optical tunable filter was 
used to demultiplex the wavelength channels for detection.  
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(a)                                               (b)                                             (c) 
Fig. 4.13. Spectra of multiplexed/demultiplexed IM/FSK signals. (a) Multiplexed 
channels with 50 GHz spacing. (b) Demultiplexed channels with 50 GHz spacing. 
(c) Demultiplexed channel with 30 GHz spacing. 
 
Obviously, the allowable channel spacing was mainly determined by the 
spectral bandwidth of the IM/FSK signal and by the bandwidth of the optical 
filter. In the experiment, the 3 dB bandwidth of the filter was around 0.5 nm. 
Through adjustment of the center wavelength of the optical filter, a 
demultiplexed channel-suppression ratio of 20 dB could be obtained for a 
50 GHz channel spacing, while only 5 dB was obtained for a 30 GHz channel 
spacing, as indicated in fig. 4.13. With 30 GHz of channel spacing, the broad 
spectrum of the IM/FSK signal also overlapped with that of the neighbouring 
channel, which induced the severe interference noise observed in fig. 4.14. 
The IM/FSK label method should therefore be applied to WDM systems with 
a channel spacing of 50 GHz or more at the given bit-rate, which is in 
concordance with the previously presented numerical results. 
 
 
(a)                                                            (b) 
Fig. 4.14. Measured eye-diagrams for the IM payload with a channel spacing of 
(a) 50 GHz and (b) 30 GHz (50 ps/div). 
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Fig. 4.15 shows the measured BER curves for a channel spacing of 50 GHz. 
The pure IM channel had obviously a clearer intensity waveform and a 
narrower spectral bandwidth. Compared to the IM/FSK signal, its receiver 
sensitivity presented a 6 dB improvement. The whole system performance 
was not noticeably changed when the channel spacing was increased beyond 
50 GHz.  
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Fig. 4.15. Measured BER curves for 50 GHz channel spacing. Channel 1 is 
orthogonally modulated while channel 2 is only intensity modulated. 
 
In this experiment, only one channel was modulated in the IM/FSK format 
while the other was kept in the conventional IM format, due to the 
availability of a single FSK source. If neighbouring channels were all in the 
IM/FSK format, it is estimated that the crosstalk between the channels would 
be increased due to the broadened spectral width. Considering the spectral 
bandwidth of the optical IM/FSK signal, the FSK tone spacing may be 
further optimized for a 50 GHz channel spacing WDM system, while 
upgrading to a 100 GHz WDM system would not present too much of a 
technical challenge.  
 
 
4.3  WDM transmission of IM/FSK labelled 
signals 
 
In this section, the experimental results on an eight-channel WDM system 
with a 200 GHz channel spacing in which one channel is IM/FSK labelled 
will be reported. After that, the benefits of encoding the intensity modulated 
data stream will be validated for such a WDM transmission system. Finally, a 
three-channel IM/FSK system with a 100 GHz channel spacing will be 
studied.  
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One IM/FSK channel with seven IM channels 
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Fig. 4.16. A WDM transmission system consisting of one IM/FSK channel and seven 
IM channels. 
 
As shown in fig. 4.16, the FSK signal generated by a DFB/EAM laser was 
multiplexed with the outputs of seven CW DFB lasers in an 8-channel AWG. 
The payload data was generated by a PRBS source with a sequence length of 
231-1, imposed simultaneously on the eight channels by a low-chirp intensity 
modulator set to give 6 dB of ER on the intensity modulation. After the 
modulator, the signals were transmitted through a dispersion-compensated 
80 km standard fiber link, which de-correlated the signals in the time domain, 
as full compensation was only achieved for a single wavelength. At the 
receiver, another AWG was used to demultiplex the wavelength channels, 
that were finally detected for BER measurements.  
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(a)                                                                          (b) 
Fig. 4.17. Spectra of the (a) multiplexed and (b) demultiplexed channels. 
 
As indicated by fig. 4.17 (a), the eight channels covered the wavelength 
range between 1549.3 nm and 1560.6 nm, with a 1.6 nm (200 GHz) channel 
spacing. The IM/FSK signal was modulated on the first channel around a 
center wavelength of 1549.3 nm. The effective channel suppression ratio at 
the output of the wavelength demultiplexer was more than 40 dB, as shown 
in fig. 4.17 (b). 
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(a) IM payload (1st channel)                           (b) FSK label (1st channel) 
                     
(b) IM (2nd channel)                                       (b) IM (8th channel) 
Fig. 4.18. Eye-diagrams of the received signals. 
 
The relatively high value of the channel spacing compared to the spectral 
bandwidth of the signal, resulted in the wavelength multiplexing and 
demultiplexing processes adding little degradation to the whole system. The 
transmission over 80 km of fiber also induced negligible degradation to the 
system performance. Fig. 4.18 presents the eye-diagrams of different 
wavelength channels, while fig. 4.19 shows the BER curves of the 
corresponding wavelength channels. Both figures confirm the numerical 
results of channel spacing obtained in the previous section.  
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Fig. 4.19.  Measured BER curves of the different wavelength channels. 
 
A limitation to the realistic nature of this experiment is given by the fact that 
all channels were intensity modulated at the same time by the same intensity 
modulator. Most of the fiber-induced non-linear effects will occur in the first 
part of the fiber where the power is highest [107]. Even if the total span 
including the DCF compensation would induce a shift amongst channels that 
was greater than the duration of one bit, the alignment of the channels at the 
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start of the system would render the effects of fiber non-linearities to be less 
realistic. On the other hand, the concordance of the experimental results with 
the numerical analysis would indicate that this would not have a drastic effect 
on the system performance. 
 
 
Manchester-encoded WDM transmission 
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Fig. 4.20. Manchester encoded WDM transmission system. 
 
It has already been discussed that through the use of Manchester coding 
(MC), IM/FSK signals can operate with a higher IM extinction ratio without 
degrading FSK receiver performance. For a 200 GHz channel spacing WDM 
transmission system where the payload is modulated at 10 Gb/s, the 
broadened spectrum induced by the Manchester code will not introduce a 
noticeable channel crosstalk. Thus Manchester encoding could effectively be 
applied to enhance the WDM system performance. 
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(a)                                                                         (b) 
Fig. 4.21. Spectra of multiplexed channels, (a) full range. (b) detail of the MC 
channel and a IM channel. 
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The experimental setup shown in fig. 4.20 is equivalent to the setup 
illustrated in fig. 4.16, except for a 20 Gb/s multiplexer and demultiplexer 
added to apply Manchester encoding with the help of the conjugate data 
output of the pattern generator. The spectra of the multiplexed channels are 
shown in fig. 4.21 (a), while fig. 4.21 (b) gives the detailed structure of the 
Manchester encoded IM/FSK channel at 1549.3 nm next to a pure IM 
channel. The lack of channel-space induced limitations, is evident from these 
images. 
 
 
(a) 50ps/div                                (b) 50ps/div                            (c) 2ns/div 
 
Fig. 4.22. Eye-diagrams of (a) Manchester-encoded IM signal (b) decoded IM signal 
(c) demodulated FSK label. 
 
Because of the MC, the IM extinction ratio of all the channels could be 
adjusted up to 13 dB. With such a high extinction ratio, the IM payload was 
much insensitive to the residual intensity ripples introduced by the imperfect 
FSK source. Therefore, the IM receiver sensitivity of the IM/FSK channel 
was roughly the same as those of the other seven channels, and thus, only the 
results related to the IM/FSK channel are reported. 
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Fig. 4.23. Measured BER curves of the IM/FSK channel in a WDM transmission 
before and after transmission. 
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Fig. 4.22 shows the eye-diagrams of the Manchester-encoded payload signal, 
the decoded payload signal and the demodulated FSK label. A much higher 
ER than in fig. 4.18 was achieved, which translated into an enhanced system 
performance. Fig. 4.23 shows the measured BER curves for the IM/FSK 
channel in the back-to-back case and after transmission. The results indicate 
that the 80 km transmission only introduced a modest receiver sensitivity 
degradation. The power penalty at a BER of 10-9 was only 1.5 dB for the 
label and less than 1 dB for the payload.  
 
 
Three-channel IM/FSK signal transmission 
 
A three-channel IM/FSK signal transmission system was implemented, as 
shown in fig. 4.24. Two GCSR lasers and one DFB/EAM source were used 
to generate three IM/FSK signals at various wavelengths. The channel 
spacing was selected to be 100 GHz (0.8 nm), and thus the select 
wavelengths for the  channels were 1548.5 nm (GCSR), 1549.3 nm 
(DFB/EAM) and 1550.1 nm (GCSR) respectively. 
 
 
 
Fig. 4.24. Experimental setup of the three-channel IM/FSK signal transmission 
system. 
 
As discussed in Section 2.4.4, the effect of the non-uniform frequency 
modulation response of the GCSR lasers, can be reduced by applying 8B/10B 
encoding to the label data (PRBS 29-1), before it modulates the two GCSR 
lasers. The DFB/EAM source was frequency-modulated by a PRBS with a 
length of 210-1. The output signals of the three lasers were multiplexed using 
two optical couplers, and then intensity modulated by a low-chirp 
Mach-Zehnder modulator with a 6 dB extinction ratio. The generated 
multi-wavelength IM/FSK signal was amplified to an average power of 
10 dBm, and then injected into a fully compensated 80 km SMF link. At the 
receiver end, a tunable optical filter was used to demultiplex the wavelength 
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channels. The demultiplexed channel was finally detected for BER 
measurements. It should be noted that the 3 dB electrical bandwidth of the 
label receiver had an optimized value of 117 MHz in this experiment. 
Therefore, the label receiver performance of channel 2 is greatly improved, 
compared to the experiments reported in former sections. 
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Fig. 4.25.  Spectra of multiplexed and demultiplexed channels. 
 
As shown in fig. 4.25, the optical filter can effectively demultiplex the 
wavelength channels with a channel suppression ratio of around 30 dB. The 
eye-diagrams of the received signals for each channel are shown in fig. 4.26. 
The frequency modulation efficiency of the GCSR lasers was wavelength 
dependent, as discussed in Section 2.2.1, which is why channel 3 showed a 
poor frequency modulation efficiency. For this reason, its label eye-opening 
was smaller than the one of the other channels. In spite of that, both the 
payload and the label of all three channels could be detected with a BER of 
less than 10-9.  
 
 
(a) IM, channel 1                   (b) IM, channel 2                       (c) IM, channel 3 
  
(d) FSK, channel 1                   (e) FSK, channel 2                   (f) FSK, channel 3 
 
Fig.4.26. Eye-diagrams of the received signals for the three channels. 
 
The BER curves for the transmitted signals and the back-to-back case are 
shown in fig. 4.27, from which it can be concluded that the power penalty 
introduced by transmission was within acceptable limits. Among the three 
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wavelength channels, channel 2 (generated with the DFB/EAM source) had 
the best FSK modulation performance due to its higher FM efficiency and 
showed practically no penalty due to transmission. The other two channels 
had better IM performance as they generated much less residual intensity 
ripples when they were frequency modulated. They showed a transmission 
penalty of 4 dB on the payload  and a slight improvement on the label 
performance,  which is believed to be due to a reduction of the ER of the 
payload during transmission. 
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Fig. 4.27.  Measured BER curves for the three wavelength channels. 
 
These results confirm that the IM/FSK orthogonal labelling method with a 
payload bit-rate of 10 Gb/s and a moderate label bit-rate of 156 Mb/s (which 
would be enough for its purpose) is suitable for WDM systems. The limits of 
such a system would mostly be the same as a single IM/FSK system, 
provided the channel spacing is kept to 100 GHz. During the experimental 
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measurements, and even for channel spacings as low as 50 GHz the 
performance of the system could be optimized to a satisfactory level. 
 
 
4.4  WDM transmission of IM/DPSK 
labelled signals 
 
The performance of the IM/DPSK labelled scheme in a WDM transmission 
was verified in a four channel system at bit-rates of 40 Gb/s for the IM 
payload and 2.5 Gb/s for the FSK label. The payload was 8B/10B coded to 
enhance the performance of the system (see Section 2.4), thus its ER could be 
set as high as 12 dB. 
 
 
 
Fig. 4.28. Setup for the transmission over 40 km SMF of 4×40 Gb/s IM/DPSK 
labelled signals. 
 
The experimental setup is shown in fig. 4.28. Four DFB lasers were tuned to 
the carrier frequencies of the four channels with a channel spacing of 
200 GHz, and multiplexed. The label DPSK modulation at 2.5 Gb/s and the 
payload RZ-IM modulation at 40 Gb/s RZ were added to the four carriers 
simultaneously by external modulators, and the signals were amplified to an 
average power of 6 dBm. The four IM/DPSK signals were transmitted 
through 40 km of post-compensated SMF and demultiplexed before 
reception. Both arms of the receiver were identical to the ones described 
earlier for IM/DPSK labelled signals. 
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Fig. 4.29. Spectrum of the four IM/DPSK channels after transmission.. 
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(a)                                                       (b) 
        
(c)                                                       (d) 
Fig. 4.30. Eye diagrams of channel 2 (a) 40 Gb/s payload back-to-back (b) 40 Gb/s 
payload after 40 km(c) 2.5 Gb/s label back-to-back (d) 2.5 Gb/s label after 40 km 
 
Fig. 4.29 shows the spectra of the four IM/DPSK channels, which presented a 
limited spectral bandwidth which proved enough for WDM transmission at 
the given channel spacing. The eye-diagrams for channel 2 at various points 
in the system are shown in fig. 4.30. These indicate that the WDM 
transmission had very little detrimental effect on the signal.  
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Fig. 4.31. Payload BER results for the transmission over 40 km SMF of 4×40 Gb/s 
IM/DPSK labelled signals. 
 
The measured BER results for all four channels for the payload are shown in 
fig. 4.31 and for the label label in fig. 4.32. The results show that for the 
payload the transmission penalty was lower than 1 dB, while for the label it 
was lower than 1.5 dB. Bearing in mind that the system performance was 
enhanced by the 8B/10B encoding, even for these high bit-rates, the results 
validate the IM/DPSK orthogonally labelled format for WDM systems. 
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Fig. 4.32. Label BER results for the transmission over 40 km SMF of 4×40 Gb/s 
IM/DPSK labelled signals. 
 
 
 
4.5  Chapter summary 
 
In this chapter, issues concerning WDM systems for all-optical orthogonally 
labelled signals have been addressed. Most of the analysis was performed for 
the IM/SMF scheme, because  WDM induced limitations such as filtering 
were believed to be higher for such a system. Both numerical and 
experimental results confirmed this assumption. An experimental validation 
of the IM/DPSK scheme in a four channel WDM system was also performed. 
 
For an IM/FSK modulated signal, simulations showed that in a multi-channel 
system where channels would be multiplexed and demultiplexed in 
consecutive network nodes, the filtering effects must be taken carefully into 
account. If a too narrow optical filtering scheme was to suppress some parts 
of the spectrum, a significant impact on the payload receiver sensitivity 
would be observed. The bandwidth of the optical filters employed in the 
multiplexer, should be at least 40 GHz and the channel spacing should 
exceed 60 GHz for payloads modulated at 10 Gb/s. 
 
Moreover, the stability of the optical components of the system proved to be 
of a crucial importance. A 3 GHz detuning between the center frequency of a 
filter and a labelled channel was shown to noticeably degrade the 
performance of the system, due to FSK to IM conversion.  
 
During the transmission of eight labelled channels, the payload receiver 
sensitivity exhibited some dependence on channels spacing. No inter-channel 
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cross-talk was observed when the separation between the center frequencies 
of the WDM channels was greater than 100 GHz. However, if the spacing 
was reduced below 100 GHz, the spectra of the signals showed some overlap 
and a given channel could not be demultiplexed without receiver sensitivity 
penalty. Practically no non-linear interaction was numerically observed 
between the intensity-modulated channels.  
 
The numerical results indicated that the factors that most influence the 
performance of the system, besides the ER of the payload modulation, were 
the bandwidth of the filters and their de-tunability. A misaligned filter, 
encountered during the transmission of IM/FSK signal, would drastically 
reduce the orthogonal independence of the modulation formats.  
 
The conclusion of the simulations were confirmed experimentally. The 
detuning tolerance of an AWG and the impact of wavelength channel 
spacing, showed a high consistency with the numerical results. 
 
Several approaches for measuring the performance of IM/FSK signals in a 
point-to-point WDM transmission system were evaluated. It was shown that 
IM/FSK channels can be added to pure IM channels, which would be a 
method to progressively upgrade WDM networks to optical labelling. A 
similar experiment, confirmed, as previously observed, that DC-balanced 
encoding techniques are able to enhance the network performance by 
relaxing the extinction ratio requirements for the IM payload.  
 
A three-channel IM/FSK transmission system was implemented with a 
channel spacing of 100 GHz in which BERs of 10-9, were achieved. The 
performance of the IM/FSK channels proved to be highly dependent on the 
performance of the FSK sources, with regard to FSK tone-spacing and IM 
stability before IM modulation.  
 
An experimental investigation on the WDM transmission of IM/DPSK 
signals was also performed for a four-channel system with a 200 GHz 
channel spacing, showing penalties of around 1 dB after transmission over a 
compensated 80 km link. 
 
These results confirm that the IM/FSK and IM/DPSK orthogonal labelling 
methods are suitable for WDM systems. The limits of such system would 
mostly be the same as a single IM/FSK transmission, provided the channel 
spacing is kept to 100 GHz or more.  
 
It can therefore be concluded that the orthogonal modulation schemes can be 
feasibly used in practice to upgrade WDM transmission networks and that the 
main limiting factor of the whole system would be the performance of the 
sources and the stability of the employed filtering schemes. 

 
 
 
Chapter 5  
 
All-optical wavelength 
conversion 
 
 
 
Wavelength conversion (WC) is an important technique in future all-optical 
switched networks for several reasons. As discussed in Chapter 1, the optical 
wavelengths could be deployed as extra labels to build up an appropriate 
optical path in the transmission fiber link and should therefore be able to be 
swapped in the intermediate network nodes [9]. Another reason for the 
importance of WC is that the very large bandwidth of standard 
telecommunications fibres can potentially be utilized by wavelength division 
multiplexing (WDM) techniques [68]. Channels could be wished to be routed 
to a common output, usually making it necessary to convert the wavelength 
of the signal [93]. 
 
WC can be done using several different techniques making use of passive or 
active components [109]. Wavelength conversion can be achieved by using 
non-linearities in passive optical fibres [110], [111], [112], [114], in which 
the non-linear response time can be as low as a few femtoseconds [98], 
providing ultra-fast all-optical wavelength conversion. 
 
WC can also be achieved by the use of active components, such as 
electro-absorption modulators (EAM) [115] or semiconductor optical 
amplifiers (SOA) [116]. However, the operating speed of the later is still 
limited by its gain recovery time and the relatively slow carrier lifetime 
[117]. In order to increase their response, a combination of SOAs can be used 
in a Mach-Zehnder interferometer (MZI) [119], [120]. This is a versatile way 
of performing WC in the sense that it can be integrated with other network 
node functionalities such as label swapping, which will be discussed in detail 
in Chapter 6.  
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In this chapter, the principles of wavelength conversion are investigated for 
HNLF, SOA and SOAs in MZI. The techniques are first applied to intensity 
modulated (IM) signals in order to confirm their validity, and then be applied 
to wavelength conversion of labelled signals. 
 
In the first section WC is experimentally investigated in highly non-linear 
fibers (HNLF). The effects of cross-phase modulation (XPM) and four wave 
mixing (FWM) are employed in order to achieve wavelength conversion. 
After that, WC in active components is investigated. WC in a single SOA is 
implemented at 40Gb/s in Section 5.2.  
 
Given its importance as network elements and as wavelength converters 
[121], [122], [111], Mach-Zehnder interferometers with active SOAs 
(SOA-MZI) deserve a more in depth analysis of its performance and 
limitations for wavelength conversion of labelled signals. Therefore, 
Section 5.3.1 is devoted to the numerical analysis of WC in SOA-MZIs. 
Different setup options are analyzed and limits to the device design are 
obtained for 40 Gb/s IM signals. Finally, these SOA-MZI devices are used 
experimentally to wavelength convert labelled signals. 
 
 
5.1  WC in HNLF 
 
In this section, WC based on XPM in a HNLF followed by an optical filter 
[124], [110], [111], is investigated experimentally. FWM in a HNLF is then 
used to attempt to create a multi-wavelength IM/FSK signal generator useful 
for multicasting. Finally, in Section 5.1.3, the same technique is used for the 
WC of IM/DPSK signals.  
 
 
5.1.1  XPM in HNLF of 40 Gb/s signals 
 
The proposed wavelength converter technique is shown schematically in 
fig. 5.1. It uses the XPM in a HNLF followed by a optical filter by combining 
the incoming data (also called pump) with a continuous-wave (CW) signal 
[110], [125]. Because of XPM in the fibre, the intensity modulated data 
imposes a phase modulation on the CW signal, which generates optical 
sidebands on the spectrum of the CW signal. When the pump signal carries a 
‘mark’, the sidebands will appear, while a ‘space’ in the pump signal will not 
produce any sideband. These sidebands can then be converted to amplitude 
modulation by suppressing the original CW signal and filtering out one 
sideband by an optical band-pass filter.  
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Fig. 5.1. Schematic representation of the principle behind CW by XPM in a HNLF. 
The spectra are shown in the upper half of the figure, while the setup is depicted in 
the lower half. 
 
The numerical results were based on 1 km of HNLF with a non-linear 
coefficient of 5.1 W-1km-1. The data was a return to zero (RZ) signal at 
40 Gb/s, with a power level of 20 dBm. The probe was 400 GHz apart and 
had a power level of 16 dBm. Fig. 5.2 shows the calculated spectra of the 
signal before and after the HNLF in the absence of noise, illustrating how the 
CW wave is phase modulated after passing through the HNLF.  Other tones 
at equal spacings appear due to FWM in the fiber. By removing the CW 
wave with an optical notch filter and placing a band-pass filter after the 
HNLF with a central pass frequency centered on one of the optical sidebands, 
one can obtain a signal that is amplitude modulated with the carrier frequency 
of the optical sideband [124], [110].  
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Fig.5.2. The optical spectrum (a) before and (b) after the HNLF. 
 
The experimental setup is shown in fig. 5.3 for the case where OADMs are 
used for filtering. An external-cavity laser emitting at 1558.8 nm was 
modulated with 40 Gb/s data through a double MZM stage, and then 
amplified up to 16 dBm. A second laser emitting CW light at 1555.2 was 
used as CW source with a power level of 9 dBm. These two signals were 
coupled together and injected into 1 km of HNLF – with a non-linear 
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Fig. 5.3. Experimental setup for validating the CW technique of filtered XPM in a 
HNLF in the case of filtering by FBG in OADMs. 
 
coefficient of 10.9 W-1km-1 and 0.87 dB/km losses – where the XPM took 
place. At the output of the fiber, the first OADM was used to filter out the 
original data channel plus the undesired tones that appear due to FWM in the 
fiber. A second OADM was then fine-tuned in order to filter out just one 
sideband of the phase-modulated signal at the CW wavelength. Both OADM 
were based on fiber Bragg gratings (FBG) and had a 3 dB bandwidth of 
1 nm. 
 
 
 
Fig. 5.4. Spectra of the signals at various points of the WC process. (a) Original 
signals at the input of the HNLF, (b) output of the HNLF, (c) output of the first 
OADM with suppressed neighbouring tones and (d) response of the second OADM 
and its output, with the sideband WC data. 
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Fig. 5.4 shows the spectra of the signals at the different parts of the WC 
process. It can be observed how the XPM process in the HNLF affected the 
CW signal modulating its phase, which broadened its spectrum. The first 
OADM reduced the power of the original data channel by more than 25 dB. 
Finally, the second OADM had to be carefully fine-tuned in order to achieve 
the desired demodulation of the phase information into amplitude 
modulation. 
 
 
(a)                                           (b)                                           (c) 
 
Fig. 5.5. Eye-diagrams of (a) 40 Gb/s original signal, (b) converted signal at 
1555.181nm and (c) converted signal at 1555. 255nm 
 
The two useable side-lobes of the converted signal were located at 
1555.18 nm and 1555.25 nm respectively, around the original CW 
wavelength. Fig. 5.5 shows the eye-diagrams of the original signal and of the 
filtered side-lobes of the converted signal. The OADM used to filter out these 
side-lobes had a non symmetrical response, as shown in the purple line of 
fig. 5.4 (d). For this reason, the eye-diagram of one of the converted 
side-lobes has a much better performance than the other, even though 
patterning effects where present in the response of the later. 
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Fig. 5.6. (a) Eye-diagram original 40 Gb/s data and (b) spectra of the signals before 
(blue) and after (black) the HNLF. 
 
It should be clear from this discussion, that the performance of this method of 
WC is highly dependent on the effectiveness of the filtering process involved 
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in selecting the side-lobe produced by the XPM. In order to further 
investigate the filtering effects on the signal, different filtering techniques 
were applied to the converted signal, and compared to the WC results 
obtained by using the FWM process and a Kerr switch in the same HNLF. 
 
Fig. 5.6. shows the eye-diagram of the original 40 Gb/s data used in this case, 
plus the spectra of the signals before and after the HNLF. It should be noted 
that these spectra are not exactly the same as in the previous experiment, as 
the data source is located close 1551 nm in this case.  
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Fig. 5.7. Eye-diagrams and spectra of the signal after filtering by a (top) FBG, 
(middle) MZ filter and (bottom) polarization effects in a Kerr switch. 
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Fig. 5.7 shows the eye-diagrams and spectra for the two filtering methods and 
the Kerr switch. At the top the FBG of an OADM were used to filter out the 
side-lobes of the phase modulated CW light, in the same way as described in 
the last experiment. The ER of the converted signal was 12 dB in this case. 
The middle of fig. 5.7 shows the resulting eye-diagram and spectrum after 
using a MZ filter in a similar way. The ER of the converted signal was 13 dB 
in this case. Finally, the bottom of fig. 5.7 shows the results of conversion 
through a Kerr switch, which is based on a polarization beam splitter (PBS). 
In the absence of data signal, there is no output at the wavelength of the CW 
probe light, because the polarization of the probe after transmission along the 
HNLF is adjusted to be vertical to the port of the PBS used. In the presence 
of the pump, XPM induces a polarization rotation, which allows part of the 
probe to pass through the PBS. In this way, the original data is copied onto 
the probe.  The ER achieved through this method was 9 dB. 
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Fig. 5.8. BER curves for the various filtering techniques used for WC through XPM 
in HNLF compared to FWM in the same fiber. 
 
As a summary, fig. 5.8 presents the BER curves for the different filtering 
methods. At a BER of 10-9, the sensitivity penalties compared to the 
back-to-back case were 0.2 dB for XPM filtered by a FBG, 0.8 dB for XPM 
filtered by a MZ filter, 2.1 dB for the Kerr-switch method and 1.6 dB for 
FWM in the HNLF, showed here for comparison. Any of these methods was 
therefore acceptable for wavelength conversion of 40 Gb/s signals, although 
the FBG filtering in OADMs showed the best performance. 
 
 
5.1.2  Multi-wavelength IM/FSK signal generation 
 
The WC of an incoming signal to several simultaneous output wavelengths 
could have an application in multicasting within an optical network. There 
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are several methods to generate multi-wavelength IM/FSK signals. One 
method is to use several FSK laser sources with different wavelengths, 
another method is to utilize all-optical WC processes where only one FSK 
laser source is necessary [126]. In this section the second method will be 
addressed using FWM in a HNLF as WC method, in order to create 7 
replicas of a IM/FSK labelled signal. 
 
HNLF
EDFA
IMFSK
7 CW lasers
 
 
Fig. 5.9. Experimental setup for generating multi-wavelength IM/FSK signals. 
 
The proposed method of generating a multi-channel IM/FSK signal used a 
single FSK pump in conjunction with seven CW sources injected into a 
HNLF, as shown in the experimental setup in fig. 5.9. The FWM process 
took place in 300 meters of HNLF. One FSK laser source based on the 
DFB/EAM method presented in Section 2.2.1, generated the pumping light. 
The generated light carried a 156 Mb/s FSK label and a 10 Gb/s IM payload 
at 1549.2 nm. It was then amplified to an average power of 20 dBm and 
injected into the HNLF with seven other CW light channels. As shown in 
fig. 5.10, the FWM mixing products reproduced the FSK label from the 
IM/FSK pumping light, although the conversion efficiency was around 
-25 dB. One important characteristic of this method, is that the FSK tone 
spacing of the converted light would be doubled compared to that of the 
incoming signal used as pump. Optical filters such as AWGs would be 
needed to extract the converted IM/FSK signals for further system use.  
 
One important challenge to this method, was found in the fact that, in spite of 
the acceptable conversion efficiency of the FWM process through the HNLF, 
the power of the converted FSK channels remained low. This meant that an 
effective way to suppress the pump and residual CW channels, as well as to 
amplify the low power FSK channels without excessive noise addition would 
be required in order to be able to use the multi-channel FSK source in a 
systems. This is not as easy task, as the filtering involved should be sharp 
enough to filter out the FSK pump without degrading the right-most 
converted channel, should, at the same time, provide a suppression ratio large 
enough to suppress the strong FSK pump and 7 CW sources without 
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degrading the converted signals, and should finally be wide enough to let all 
7 converted channels get through for re-transmission. It is believed that a 
more careful system design would increase the efficiency of the process. 
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Fig. 5.10. Spectra of multiple IM/FSK signals generated  through FWM in HNLF. 
 
 
 
5.1.3  IM/DPSK WC by FWM in HNLF 
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Fig.5.11. Experiment setup for WC of IM/DPSK signals through FWM in a HNLF.  
 
In order to realize wavelength conversion (WC) of a IM/DPSK modulated 
signal while preserving the DPSK label, XPM based WC cannot be applied, 
and instead some transparent wavelength conversion scheme must be 
considered. Reported FWM wavelength conversion experiments [127], [129] 
indicate that using HNLF can result in large spectral and dynamic ranges. 
Therefore wavelength conversion using HNLF can be chosen as a good 
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candidate to transparent wavelength conversion for the combined IM/DPSK 
signal. This section presents the experimental investigation of this WC 
method for a IM/DPSK optically labelled signals consisting of a 10 Gb/s 
payload and a 2.5 Gb/s label.  
 
The experimental setup is shown in fig. 5.11. The CW light sources were 
external cavity lasers lasing at 1552.5 nm (ECL1) and 1554.1 nm (ECL2), 
respectively. The IM/DPSK signal was generated by external modulators on 
ECL1. The labelled signal was then amplified and aligned with respect to 
polarization, before being combined with the CW signal emitted by ECL2. 
The FWM process took place in a 500 m-long HNLF with a non-linear 
coefficient  of 10.6 w-1km-1. The zero dispersion wavelength of the HNLF 
was 1553.6 nm and the dispersion slope 0.022 ps/nm2/km. A commercial 
AWG with a channel spacing of 200 GHz was used to filter out the converted 
signal. Fig. 5.12 shows the optical spectra at the output of the HNLF and the 
converted signal after the AWG. By optimizing the states of polarization of 
the pump and signal and the input power level, a conversion efficiency of the 
FWM process of -15 dB could be achieved.  
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Fig.5.12. Optical spectra at the output of 500 m HNLF (solid line) and the filtered 
converted signal after the AWG (dotted line).  
 
The original (back-to-back) eye diagrams of the payload and the label are 
shown in fig. 5.13 (a) and (c). While the its wavelength converted 
counterparts are shown in fig. 5.13 (b) and (d). Because the FWM effect in 
fibers can be exploited to achieve all-optical reshaping [127], it could be 
predicted that the extinction ratio of the converted IM signal would be 
enhanced due to this reshaping property. This was experimentally verified. 
For an initial ER of 3 dB of the IM signal, the ER of the converted signal was 
measured to be 3.5 dB. Therefore an even lower ER was needed at the 
source, in order to let the label performance still to outperform the payloads. 
According to the previous discussion of the optimisation of the input 
5.1. WC in HNLF 129 
extinction ratio, an ER of less than 3 dB should be selected. In our 
experiment the extinction ratio of the pump signal was set to 2.8 dB. 
 
  
   
   
 
Fig.5.13. Measured eye diagrams of (a) back-to-back payload, (b) converted 
payload, (c) back-to-back label, (d) converted label, (e) back-to-back DPSK signal 
without IM  modulation, (f) converted DPSK signal without IM modulation. 
 
After FWM wavelength conversion, the phase information of the pump 
signal was efficiently replicated onto the new wavelength. The converted 
label showed a clear multi-level structure, and had reduced amplitude 
fluctuation in the ‘marks’ as compared to the back-to-back label, as shown in 
fig. 5.13 (c) and (d). It is believed that this also could be attributed to the 
reshaping of the signal. In order to confirm this, the conversion of a pure 
DPSK signal was performed. The eye-diagrams can be seen in 
fig. 5.13 (e) and (f), where the same reshaping of the ‘mark’ level is 
observable. 
 
The BER curves for the experiment are presented in fig. 5.14. The penalty for 
conversion for the label  was measured to be 1.6 dB. For the payload, the 
stringent requirements on its ER, translated into a power penalty of about 
5 dB for the converted signal. The BER performance of the pure DPSK and 
IM signals were also measured. In this case the power penalty for conversion 
of the DPSK signal was within 1 dB and a very low receiver sensitivity of 
-36.5 dBm was obtained, indicating that the penalty for adding the IM 
payload to the label was around 8 dB. Comparing the BER of the converted 
payload of the labelled signal with the pure IM signal, the penalty for adding 
the label could be measured to be around 3 dB. 
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Fig. 5.14. Measured BER performance for the payload and the label back-to-back 
and after FWM wavelength conversion. 
 
 
5.2  WC at 40 Gb/s in SOA 
 
Another  approach to wavelength conversion (WC) is the use the gain 
saturation effects of active devices such as SOAs, which would produce 
cross-gain modulation (XGM). As explained in [130], when a bias current is 
applied, inverting in the carrier population occurs. If then an input data signal 
is coupled into the SOA along with CW light at different wavelengths, as the 
data signal propagates through the SOA, it will modulate the carrier density, 
and therefore the gain. A lower gain will occur when a ‘mark’ travels through 
the SOA than when a ‘space’ is present, because the ‘mark’ saturates the 
gain. The CW-light experiences this change in the gain in the way that a 
lower gain will occur when the data stream is present with a ‘mark’. Thus, a 
copy of the original data with inverted polarity will be obtained at the output 
of the SOA and at the wavelength of the CW light. 
 
This technique was used in the experiment presented in fig. 5.15, for 
wavelength-converting a 40 Gb/s IM signal. A laser emitting at 1550 nm was 
intensity modulated by a 40 Gb/s PRBS pattern and amplified to 16 dBm. A 
second laser source emitted at 1555.8 nm with a power level of 9 dB. These 
two signals were coupled and injected into an SOA where the XGM process 
took place. At the output of the SOA, a FBG suppressed the original data 
channel and an OADM selected the converted data for detection. The SOA in 
the setup was developed under the SCOOP program and kindly lent for this 
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experiment. It had a length of 1400 µm and was driven with a current of 
750 mA. 
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Fig. 5.15. Experimental setup for WC of a 40 Gb/s signal through XGM in SOA.  
 
Fig. 5.16 shows the spectra of the signals at various points in the system. The 
black line shows the spectrum of the coupled signals injected into the SOA, 
where the signal at 1555.8 nm clearly has no modulation. The red line shows 
the spectrum of the signals at the output of the SOA, where the probe signal 
now has acquired modulation through XGM in the SOA, and the original 
data signal is still present. Finally, the blue line shows the wavelength 
converted signal after filtering. 
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Fig. 5.16 Spectra of the signals at various points in the system: (black) input signals 
to the SOA, (red) output of the SOA with evident XGM and (blue) filtered WC signal. 
 
The eye diagrams of the original and converted signals are shown in fig. 5.17. 
The RZ original signal has been inverted and appear to resemble more a NRZ 
signal, which is due to the limited gain recovery time of the SOA plus some 
filtering distortion. 
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(a)                                                    (b) 
Fig. 5.17. Eye-diagrams of (a) 40 Gb/s original signal (b) converted signal. 
 
The measured BER are presented in fig. 5.18. The conversion penalty 
compared to the back-to-back case was 5 dB, partially due to the large 
insertion losses to the device.  
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Fig. 5.18. BER curves for WC of a 40 Gb/s signal through XGM in an SOA. 
 
It should be noted that this WC is only applied for an IM signal. For an 
orthogonally modulated signal, the information present in the angular 
modulation would be lost. In this sense, this WC technique could be viewed 
as an orthogonal label eraser, and indeed will be used as such in 
Section 6.1.1. 
 
 
5.3  WC in SOA-MZI 
 
A more advanced way to implement WC in active devices, would be to use a 
Mach-Zehnder interferometer with active SOAs in each arm (SOA-MZI). 
SOA-MZIs exploits the cross-phase modulation (XPM) effects in SOAs 
inside an integrated Mach-Zehnder interferometer (MZI). As shown 
schematically in fig. 5.19, in the MZI the CW will travel through both SOAs, 
while the data signal is launched into one of the two SOAs, where it will 
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modulate the carrier density and thereby also the refractive index. This will 
cause a phase modulation of the CW-light propagating in this SOA according 
to the bit pattern of the input data signals. At the output of the interferometer, 
the CW-light from the two SOAs interfere either constructively or 
destructively depending on cosine to the phase difference between the light 
from the two SOAs and is thus controlled by the input data signal. This leads 
to a wavelength converted output signal [131]. If the phase offset between the 
passive branches is set to zero and the two incorporated SOAs are identical, 
an output signal with high extinction ratio will be achieved [130]. The 
devices’ inherent non-linear transfer function also allows regeneration of 
optical signals through compression of the optical noise amplitude [132]. 
 
 
Fig. 5.19. Schematic diagram of an SOA-MZI used for WC. 
 
Through adjusting injection current to each SOA, the optical signal at one 
output port can be constructively or destructively combined when no 
modulating signal is present. Consequently, the wavelength converter may 
have two logical output modes, i.e. the inverted and non-inverted mode 
[132]. 
 
This approach will reduce some of the limitations of the cross gain 
modulation process in a single SOA [30], such as a chirped output signal and 
an accumulation of the extinction ratio degradation.  
 
 
5.3.1  Numerical analysis  
 
This section presents numerical results of wavelength conversion using 
SOA-MZIs for networks based on time-serial labelled signals at bit-rates of 
40 Gb/s, such as the one proposed in [134]. The simulations are based on 
specifications of commercially available SOAs and SOA-MZIs [135] and are 
carried out using VPI’s transmission line laser models (TLLM). Further 
details on this type of simulations is found in [139]. Some specifications for 
SOAs and the incoming signal characteristics are presented. The aim is not to 
perform an in depth study and optimization of the device, but rather to 
corroborate previous published results and analysis [132], [130], [136], [138] 
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Various configuration schemes can be applied to the SOA-MZI wavelength 
converter [130]. A single SOA-MZI can be dual-arm or single-arm driven 
(also called standard configuration) by the modulating signals. Furthermore, 
it can be configured to operate with either co-propagating or 
counter-propagating probe and modulating signals. The combinations of 
these operating modes mainly result in four basic configuration schemes, 
shown in fig. 5.20. The counter-propagating schemes usually have a much 
smaller modulation bandwidth than their co-propagating counterparts, and 
are much more dependent on the SOA chip length [139], thus limiting the 
bit-rate for its functionality. 
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Fig. 5.20. The four modes of operation of SOA-MZI wavelength converters: 
(a) standard co-propagating, (b) differential counter-propagating, (c) differential 
co-propagating and (d) standard counter-propagating modes. 
 
As shown in fig. 5.20 (b) and (c), in the differential schemes, the driving 
signal in one arm requires a correct timing delay and power attenuation to 
achieve the best switching performance. With a 40 Gb/s 33%-duty-cycle RZ 
signal as input, the timing delay usually ranges between 8~12 ps to keep the 
output signal in RZ format, while the optimum attenuation value is dependent 
on the SOAs’ gain characteristics [139]. The simulation results showed that 
the attenuation generally ranges between 0~6 dB. The faster the gain 
recovery time is, the larger the attenuation value is required to be (see 
fig. 5.27).   
 
Fig. 5.21 shows the calculated optical eye-opening penalty and fig. 5.22 the 
eye diagrams of the SOA-MZIs with different values of gain recovery time, 
comparing the results for the standard configuration and the differential mode 
of operation in the co-propagating scheme. Through the differential driving 
mode, the requirement on the SOA gain response can be much relaxed. As 
shown in fig. 5.21, the eye-opening penalty is kept below 2 dB even with 
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100 ps SOAs. Fig. 5.22 shows that the output in the differential mode also 
kept its waveform as the gain recovery time increases.  Although pattern 
effects are observed with slow SOAs, the eye opening of the output signal is 
generally acceptable as long as the gain recovery time is limited below 
100 ps.  
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Fig. 5.21. Calculated optical eye-opening penalty for different modes of operation. 
 
For the standard mode, on the other hand, with the gain recovery time 
increased beyond 30 ps, the output of the SOA-MZI were NRZ-like 
eye-diagrams and exhibited severe inter-symbolic interference (ISI). 
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Single-arm 
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Fig. 5.22. Eye-diagrams of a 40 Gb/s RZ signal for different SOA gain recovery 
times. 
 
The counter-propagation scheme is somewhat simpler to implement due to its 
filter free configuration. However, the switching performance of the 
SOA-MZI in this scheme proved to be very sensitive to the SOA chip length, 
which is in concordance with [132]. Fig. 5.23 shows the eye opening penalty 
(EOP) results for a simulation where the recovery time was set to 30 ps. As 
the SOA chip length was changed, other parameters as the injection current 
and confinement factor were changed accordingly to keep the SOA gain 
recovery time constant. The results show that when the SOA chip length was 
increased beyond 700 µm, the distortion on the signal induced over 3 dB of 
EOP. Compared with the co-propagating case, this scheme had the same 
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requirement on the SOA gain recovery time but has further requirements on 
the chip length, implying more challenges to fabrication. 
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Fig. 5.23. Eye-opening penalty vs. SOA-chip length in the differential 
counter-propagating mode. The SOA gain recovery time was 30 ps and the bit-rate 
40 Gb/s. 
 
In light of the above results, it can be concluded that among the four 
configuration schemes, the differential driving scheme with co-propagating 
signals has the best modulation performance and greatly relaxes the 
requirements on the SOA gain response, as previously shown in [132]. The 
single-arm driving scheme with counter-propagating signals imposes the 
most stringent requirements on the SOA structures and gain response, in 
order to achieve wavelength conversion at 40 Gb/s. Consequently, only the 
co-propagating schemes will be further analyzed. 
 
 
Single arm driven with co-propagating signals 
 
In this section, along with varying the injection current and chip length, the 
simulations were set to vary the confinement factor, defined as the fraction of 
power contained in the core of the device [68].  
 
Fig. 5.24 shows the frequency response of the device for different injection 
currents as a function of confinement factor and chip length. To achieve a 
good performance of a 40 Gb/s RZ modulated signal, the 3 dB modulation 
bandwidth is usually required to be larger than 70% of the operating bit-rate 
[70], i.e. 28 GHz in this case. The optimization of the modulation bandwidth 
has previously been extensively studied [140], [136], [138]. With a relatively 
low injection current as shown in fig. 5.24 (a), the 28 GHz limit requires the 
use of SOA-chips with length longer than 2 mm and confinement factor 
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larger than 0.6. By doubling the injection current, the requirements can be 
much relaxed, as shown in fig. 5.24 (b).  
 
 
(a) 
 
 
(b) 
Fig. 5.24. Frequency response contour of an SOA –MZI with co-propagation scheme 
with an injection current of  (a) 15 times and  (b) 30 times the transparency current.  
 
As indicated by fig. 5.24 (b), an SOA-MZI with a 1.2 mm length and a 
0.6 confinement factor would achieve a modulation bandwidth of 28 GHz. 
Fig. 5.25 shows the performance of an SOA-MZI under these characteristics, 
when the incoming signals are in the NRZ or RZ format with an 8 ps rise 
time (defined as 10% to 90% of the peak value). All the eye-diagrams 
exhibited large eye-openings with slight pattern-effects. However, for the RZ 
signal, the pulses were broadened up to around 12 ps, due to the limited 
bandwidth. To further reduce the pulse broadening effects, higher bandwidth 
would be required. 
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Fig. 5.25. Output eye-diagrams of an SOA-MZI with 28 GHz modulation bandwidth.  
 
 
Differential-arm driven with co-propagating signals 
 
When a single pump pulse differentially drives the SOA-MZI, the phases of 
the two branches are affected as shown in at the top of fig. 5.26 by the blue 
and red lines. Due to the limited gain recovery time, both phase-change 
profiles would have long trailing edges. However, through proper delay and 
attenuation, the profile of the overall phase difference can be tailored to have 
a more sharp edge, hence resulting in an improved performance, as shown at 
the bottom of fig. 5.26. 
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Fig. 5.26. Principle of the differential driving operation. 
 
The optimum attenuation value in the differential driving scheme is strongly 
related to the gain recovery time of the SOA-MZI. As shown in fig. 5.27, the 
larger the gain recovery time is, the smaller the attenuation value the scheme 
requires. As the gain recovery time of the SOA was varied from 10 ps to 
100 ps, the optimum attenuation value was changed from 4 dB to 1 dB.  In 
the simulations, the relative timing delay was set to be around 8 ps to keep 
the output signal in a 33%-duty-cycle RZ format. 
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Fig. 5.27. Optical eye-opening penalty versus power attenuation value for various 
SOA recovery times.  
 
As shown in fig. 5.28, improper attenuation values will induce pulse 
broadening and pattern effects. For a 30 ps gain recovery time, the 
attenuation value corresponding to the optimum eye-opening was found to be 
around 3 dB. 
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Fig. 5.28. Eye-diagrams vs. power attenuation for a gain recovery time of 30 ps.  
 
The relative timing delay can be adjusted to further reduce the pattern effects 
induced by a slow gain recovery time. Fig. 5.29 shows the simulated 
eye-diagrams with an SOA with a recovery time of 100 ps. As the timing 
delay was increased from 8 ps to 16 ps, and the attenuation was changed 
accordingly, the pattern effects could be reduced. However, due to the pulse 
broadening, the actual eye opening at the same average power level was not 
improved. 
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Fig. 5.29. Increased timing delay to reduce distortion. 
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Performance in the presence of noise 
 
In an optical node, several optical modules and subsystems would generate 
noise and distort the signal waveform, hence degrading the network 
performance. Taking into account that generally, SOA-MZIs generate small 
chirp, and assuming a perfect timing synchronization between the modules 
included in an all-optical node, the major signal impairments include optical 
signal to noise ratio (OSNR) degradation and waveform distortion.  
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Fig.5.30. OSNR performance of the 40 Gb/s RZ signal with an optimized optical 
receiver 
 
The OSNR performance of a 40 Gb/s RZ signal with a DC pedestal, due to 
noise or a finite switching on-off ratio, was calculated, as shown in fig. 5.30. 
In the calculation, the optical signal was assumed to have a Gaussian shape 
with 33% duty cycle and the bandwidth of the optical receiver was optimized 
for the best receiver performance. As indicated in fig. 5.30, the OSNR 
performance was sensitive to the degree of suppression of the DC-pedestal. 
For a RZ signal with 20 dB of suppression, the OSNR was required to be no 
less than 22 dB to achieve a BER level at 10-15, while for a suppression ratio 
of 10 dB the OSNR requirement was increased to 27 dB. 
 
In the next generation all-optical networks, the signals would be sent in 
packet formats [134]. Up to now, the SOA-MZI performance has been 
investigated with continuous modulating data and CW probe signals. A 
numerical analysis was therefore performed in order to investigate the 
SOA-MZI performance with 40 Gb/s optical packets. 
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Fig. 5.31. Gain response of an SOA with 10 ps of gain recovery time, to an optical 
rectangular pulse with 10 ps rise/fall time.  
 
Fig. 5.31 shows the gain response of the SOA to an optical rectangular pulse. 
The duration of the optical square pulse was set as 2 ns. If the input pulse had 
a rise and falling time that was shorter than the gain recovery time, 
overshoots and undershoots were observed at its gain response. However, the 
duration of such an overshoot/undershoot was very short for SOAs with fast 
gain recovery time. If the input pulse had a rise and falling time that was 
larger than the gain recovery time, the SOA could respond to it smoothly.  
 
 
Fig. 5.32. Converted signal consisting of packets, in the presence of ASE noise 
 
Fig. 5.32 shows the simulation results for wavelength conversion of packets 
in the presence of ASE noise. The recovery time of the SOAs was set to 
10 ps. The figure presents the whole packet, and a detail of the eye diagram 
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as an inset, showing that a good eye opening was achieved. During the guard 
band period between packets, neither modulating signal nor probe signal was 
injected into the SOA-MZIs, therefore, the ASE noise generated in the SOAs 
was dominating. Such ASE noise may potentially degrade some network 
operations. One possible way to reduce its influence, would be to arrange the 
probe block to be switched instantly in the wavelength tuning process and 
remain in that state until the next packet arrives. In this way, the probe signal 
would always be present to saturate the SOAs and the ASE noise would be 
greatly suppressed. 
 
 
5.3.2  Experimental results 
 
This section presents an experimental assessment of the performance of 
SOA-MZIs as wavelength converters for labelled signals. Experimental 
results are presented for an emulated payload data at 10 Gb/s in the standard 
configuration. During the wavelength conversion at a node, an orthogonal 
FSK label would be erased, preparing the signal for the insertion of a new 
label. In this chapter, it is the wavelength conversion that is the focus of the 
attention, leaving label swapping for the next chapter. Therefore, only the 
results of wavelength conversion of intensity modulated signals will be 
analyzed, which also would be the employed format in time-serial labelled 
networks [141]. 
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Fig. 5.33. Schematic of the SOA-MZI wavelength converter used for experiments, in 
a  co-propagating operation mode. The green squares represent the SOAs. 
 
The experimental results were obtained using an integrated three-port 
SOA-MZI wavelength converter that had six SOAs incorporated as shown in 
fig. 5.33, that was kindly borrowed from the University of Eindhoven, and its 
characteristics published in [50]. Because of dissimilar characteristics in the 
SOAs and coupling ratios, the non-inverting and inverting modes of 
operation showed different responses. This operating modes could be 
achieves by changing the current settings of the SOAs. The experimental 
setup is shown in fig. 5.34. The data signal was IM modulated at 10 Gb/s on 
a 1549.3 nm carrier. The probe was a continuous wave (CW) signal operating 
at 1552.4 nm, which corresponded to the peak transmission of the Optical 
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Band Pass Filter (OBPF) located at the output of the wavelength converter.  
The purpose of this OBPF with a bandwidth of 0.73 nm, was to suppress the 
original data wavelength. 
 
Fig. 5.34. Experimental setup for IM wavelength conversion in an SOA-MZI. 
 
As numerically predicted in the previous subsection, the counter-propagating 
operation was less effective than the co-propagating mode of operation, due 
to a limited modulation bandwidth that reduced the conversion speed to 
values lower than for co-directional coupling [116], [143]. Nevertheless, the 
counter-propagating scheme  was measured for a non-inverting current 
setting at 2.5 Gb/s. By optimizing the system carefully, the penalty was 
minimized to 1 dB. 
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Fig. 5.35. BER curves for inverting, non-inverting operation and the back-to-back 
system at 10 Gb/s. 
144 5. All-optical wavelength conversion 
 
For the co-propagating mode, the power penalty for the wavelength 
conversion was measured at 2.5 Gb/s and at 10 Gb/s. The penalty at 2.5 Gb/s 
was 1 dB for the inverting operation and 1.5 dB for the non-inverting 
operation. For wavelength conversion at 10 Gb/s in a co-propagating scheme, 
the BER curves for inverting, non-inverting operation and the back-to-back 
system are shown in fig. 5.35. For non-inverting operation a 1 dB power 
penalty was observed, but for the inverting operation even a regenerative 
effect of 1 dB was measured. The 1dB sensitivity improvement for the 
inverting operation verified the regenerative effect of the MZI wavelength 
converter [132]. For the non-inverting operation the 1 dB penalty was most 
likely caused by the lower extinction ratio of the converted signal. 
 
Because the data signals in a network do not always exhibit the exact same 
power level when they reach the WC unit, an important parameter to 
characterize is the dynamic range of the wavelength converter. It was found 
that the 3 dB dynamic range at 2.5 Gb/s was 3.9 dB for the non-inverting 
co-propagating mode, while being 2.6 dB for the inverting mode. Despite of 
that, for the device under study, the inverting operation was still preferable 
above the non-inverting, due to its larger regenerative effect.  
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Fig. 5.35. The dynamic range of the SOA-MZI wavelength converter in the inverting 
co-propagating operating mode at 10 Gb/s. 
 
Still in the co-propagating operation mode and for a bit-rate of 10 Gb/s, the 
results of the dynamic range measurements are shown in fig. 5.34. The 3 dB 
dynamic range in this case was found to be 3.7 dB for the inverting mode and 
1.7 dB for the non-inverting mode of operation. These results are in 
agreement with other results published in the literature [143]. For 
orthogonally labelled signals, the wavelength conversion process should also 
ensure that the ER of the intensity modulation is kept within certain limits, in 
order to properly detect the label, as commented in previous sections. This 
will have special relevance when using wavelength conversion in conjunction 
with label swapping, which will be addressed in the next chapter. 
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5.4  Chapter summary 
 
In this chapter, the issues concerning wavelength conversion (WC) of 
optically labelled signals have been studied. WC has been achieved in 
passive and active devices for bit-rates of 40 Gb/s. 
 
WC in a highly non-linear fiber (HNLF) was used in a setup that exploited 
cross-phase modulation (XPM) by introducing the data signal along with a 
CW signal at the desired wavelength to convert to. If the incoming data is 
combined with a continuous-wave (CW) signal and sent through a highly 
non-linear fibre, the data imposes a phase modulation onto the CW light 
through XPM. This phase modulation generates optical sidebands on the CW 
signal, which can be converted to amplitude modulation by suppressing the 
original CW signal and filtering out one sideband with the appropriate optical 
band-pass filter. 
 
This approach proved to be much dependent on the effectiveness of the 
applied filtering method. Therefore, several filtering methods were 
compared. The results showed that the most effective method due to the 
sharpness of the edges of the FBG involved was the use of optical add-drop 
multiplexers (OADM), that almost showed no conversion penalty. Using a 
Mach-Zehnder filter also induced less than 1 dB of penalty, while a scheme 
based on the polarization effect of XPM and a Kerr switch induced 2.1 dB of 
penalty. Using the same settings for a FWM wavelength conversion showed a 
penalty of 1.6 dB. This type of WC has the advantage of being transparent to 
the bit-rate and highly effective at high bit-rates, as the processes involved 
are all-optical. 
 
FWM as also contemplated for the simultaneous replication of a IM/FSK 
labelled signal onto several channels, although the conversion efficiency and 
therefore the filtering issues proved to be severely limiting. Nevertheless, the 
benefit of FWM compared to XPM in HNLF is that the labelling information 
contained in the angular modulations of orthogonally labelled signals is not 
lost in the conversion process. To verify this, a WC of a IM/DPSK labelled 
signal through FWM in HNLF was implemented. The conversion penalty for 
the label compared to the back-to-back case was 1.6 dB. However, the 
regenerating character of the WC process forced to reduced even further the 
ER of the intensity modulation, which was the cause of a higher penalty on 
the payload of 5 dB. 
 
Wavelength conversion in active devices occupied the rest of the chapter. An 
IM 40 Gb/s wavelength conversion was achieved by XGM in SOA with 5 dB 
of penalty, which were partly due to the large insertion losses into the device. 
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An alternative method for WC in active devices, was employing 
Mach-Zehnder interferometers with SOAs in each arm (SOA-MZI). These 
devices were investigated both numerically and experimentally. 
 
Various configuration schemes of SOA-MZI were simulated and discussed. 
The results showed that the co-propagating schemes performed better than 
the counter-propagating schemes, as the counter-propagating signals, 
required the use of short length SOA chips for high switching performance. 
Furthermore, it was shown that the differential driven mode of operation 
relaxed the requirements on the SOAs involved and improved the 
performance, at the cost of having an extra delay and attenuator to optimize. 
This optimum attenuation value was affected by the timing delay and the 
SOA gain characteristics. The requirements on the SOA for an SOA-MZI 
designed for WC of 40 Gb/s signals are summarized in Table 5.1. 
 
Table 5.1. Comparison of the SOA-MZI configuration schemes for 40 Gb/s 
wavelength conversion. 
 
Scheme Signal format Requirements on SOA 
Single arm,  
co-propagating NRZ, RZ Gain recovery time < 30ps 
Single arm, 
counter-propagating NRZ, RZ 
Gain recovery time < 30ps 
Chip length < 500 µm 
Differential,  
co-propagating RZ Gain recovery time < 100ps 
Differential,  
counter-propagating RZ 
Gain recovery time < 100ps 
Chip length < 500 µm 
 
The performance of the SOA-MZI was also analyzed with respect to the 
noise level of the incoming signals and the noise generated in the device. 
According to fig. 5.30, the OSNR level of the output signal should be no less 
than 30 dB with a 3dB~6dB margin requirement in order to achieve a BER 
of 10-15. For a packet based network, the ASE noise generated at the SOAs 
when no switching signal is present at the input could prove detrimental to 
the system if not taken into account. 
 
Finally, WC was experimentally verified in an SOA-MZI at 10 Gb/s, 
supporting the numerical conclusions. The regenerative effect of the 
SOA-MZI was clearly observed and the dynamic range of the device under 
study measured to be around 3 dB. 
 
In conclusion, it has been demonstrated that WC in passive HNLF is suitable 
for optical labelled signals at high bit-rates, as long as the filters involved are 
sharp and stable enough. In active devices, the design has to match the 
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requirements of the bit-rate of the signal, but offers a higher versatility and a 
looser requirement on filter stability. 
 
However, ER of the payload could be enhanced in some of the presented WC 
processes. Thereby, the label performance in the orthogonally modulated 
signal would be reduced. This could be a constraint to WC or at least it could 
set a limit on the amount of nodes where WC can be applied without 
renewing the label.  
 
Another limitation to the presented wavelength converters, is that signals 
transversing them necessarily have to be converted to a new wavelength. The 
only WC that did not show this limit was the counter-propagating scheme in 
an SOA-MZI, but the limitations of this scheme compared to its 
co-propagating counterpart render it unviable. For a network node that means 
that if the same wavelength has to be used for the input and output signals, 
either the converter has to be surpassed, or a double converter scheme has to 
be employed, in which an intermediate wavelength is employed. This 
solution can in fact be combined with the swapping of the label, as will be 
proposed in Chapter 6. 
 

 
 
 
Chapter 6  
 
All-optical label swapping 
 
 
 
Label swapping is one of the essential all-optical network node 
functionalities. The information carried by the label should serve for 
networking purposes, and should be able to be dynamically altered at each 
intermediate node [145]. 
 
Label swapping is closely related to wavelength conversion. Given that the 
chosen wavelength can be used for routing purposes, the wavelength of the 
signal can be viewed as a second label. In this sense wavelength conversion 
can be regarded as a coarse label-swapping technique, that should be assessed 
along with the swapping of the label carrying bit-information.  
 
The present chapter presents the investigation on several label swapping 
techniques from a systems point of view. Label swapping of IM/DPSK 
labelled signals will be addressed first, by label erasure and insertion in 
active and passive devices. The second section will employ SOA-MZIs, 
electroabsorption modulators (EAM) and a combination of both for IM/FSK 
label swapping. After that the very simple label swapping method for CSS 
labelling will be briefly commented, and finally a numerical analysis will be 
carried out for the insertion of time-serial IM labels employing SOA-MZI. 
 
 
6.1  IM/DPSK label swapping 
 
This section presents experimental validation of label swapping techniques 
for orthogonally labelled IM/DPSK signals. Both active and passive 
components for label erasure will be investigated. The benefit of combining 
wavelength conversion with the label swapping process will be analysed. The 
payload bit-rates used in the experiments will vary between 10 and 40 Gb/s. 
Label swapping for the alternative DPSK/IM format will briefly be 
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discussed. The SOA and the EAM used in the experiments of this section 
were kindly provided by GIGA-Intel. 
 
 
6.1.1  DPSK label erasure by XGM in SOA  
 
SOAs working as wavelength converters making use of XGM, only respond 
to intensity variations of the control signal, in which case, all phase 
information or frequency information will be erased in the process [146].  
The schematic of the label erasure part of the experimental setup is shown in 
fig. 6.1. The transmitter and receiver, omitted in this figure, are the same as 
the ones presented in Section 2.1, generating an IM/DPSK signal. Its center 
wavelength was 1552.5 nm and its bit-rates was set to 10 Gb/s for the 
payload and 2.5 Gb/s for the label. As discussed earlier, the intensity 
modulation had to have a limited extinction ratio of 3 to 4 dB, in order to 
correctly detect the label. 
 
TL
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Label erasure module
XGM
 
 
Fig. 6.1. Experimental setup for DPSK label erasure based on  an  SOA. 
 
The DPSK label should be erased by an intensity-sensitive wavelength 
converter that copies the payload information onto a new wavelength while 
omitting the phase information of the label. In this approach the erasing of 
the DPSK label was done by cross-gain modulation (XGM) based on 
wavelength conversion in an SOA, described in Section 5.2. The new carrier 
was generated by a wavelength tunable external cavity laser (TL) working at 
1550.0 nm. A narrow fiber Bragg grating was deployed directly after the 
SOA to overcome pattern dependence and to remove frequency chirp [148]. 
Finally, the payload at the output of the label-eraser module, was directly 
detected. 
 
 
 
Fig. 6.2. Measured eye diagram of the payload after label erasure. 
6.1. IM/DPSK label swapping 151 
Fig. 6.2 shows the eye diagram of the detected payload after label erasure, 
which is open although it shows some pattern effects. The BER curves of the 
label erasing process compared to the back-to-back performance are shown in 
fig. 6.3. For a BER of 10-9, the penalty for label erasing in the SOA was 
found to be 2.5 dB. 
 
 
Fig. 6.3. Measured BER curves of the label erasure through XGM in SOA. 
 
 
6.1.2  DPSK label insertion by XAM in an EAM 
 
For the IM/DPSK labelling format, label insertion can be done by modulating 
the phase of the carrier directly on the payload IM bit-stream, by a phase 
modulator. Another approach would be to wavelength convert the incoming 
signal while adding the phase modulation, thus adding flexibility to the node. 
Because the chirp induced by EAM-based wavelength conversion is 
negligible [149], the phase of the probe and pump signals are not affected  in 
the wavelength conversion process. Therefore the DPSK label can be inserted 
by phase-modulating a new carrier-wave and then copying the payload onto 
it through cross-absorption modulation in an EAM.  
 
TL
EAM
New DPSK
label
Pre-EDFA Booster New
packet
OADM
Label insertion module
XAM
 
 
Fig. 6.4. Experimental setup of DPSK label insertion based on XAM in an EAM. 
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The schematic diagram of this approach is shown in fig. 6.4. The incoming 
signal was intensity modulated at 10 Gb/s and centered at 1550.0 nm. In the 
label-insertion module, a tunable external-cavity laser (TL) emitting at 
1555.0 nm, was phase modulated with a new DPSK label at 2.5 Gb/s. These 
two signals were combined and injected into an EAM. The absorption 
coefficient of this device is dependent on the carrier density, which in turn is 
dependent on the incoming optical field [150]. With an intensity modulated 
optical signal present at the input, the carrier density follows the intensity 
variations of the data signal, which will vary the absorption experienced by 
the accompanying phase modulated signal of constant intensity [152]. The 
result is that the XAM process in the EAM copies the intensity modulated 
data stream onto the phase modulated carrier [153], thus achieving label 
insertion. An OADM would then be used to select the signal for 
re-transmission. 
 
At the receiver, the IM/DPSK signal was split in two, in order to detect the 
IM payload and the DPSK label separately. The DPSK label was 
demodulated using a one bit delay fiber interferometer before direct 
detection.  
 
       
(a)                                               (b) 
 
Fig. 6.5. Eye diagrams after label insertion (a) payload, (b) label. 
 
Fig. 6.5 shows the eye diagrams of the payload and the label after wavelength 
conversion and insertion of the new DPSK label. Very clear and open eyes 
can be obtained for both the payload and the label after wavelength 
conversion and label insertion. The label eye diagram in fig. 6.5 (b) has the 
multi-level structure of the ‘mark’ level that has been encountered before, 
while the payload eye diagram, shown in fig. 6.5 (a) showed some 
regeneration with respect to ER and noise in the ‘0’ level. 
 
Fig. 6.6 shows the BER curves for the label insertion process. It is noticeable 
that the performance of the converted payload was enhanced by 1 dB due to 
the regeneration of the extinction ratio.  
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Fig. 6.6. Measured BER curves for label insertion through XAM in an EAM. 
 
 
6.1.3  DPSK label swapping combining SOA and EAM 
 
In a network node, the labelled signal is likely to have to be wavelength 
converted along with having its label swapped. One limiting factor of most 
wavelength conversion processes is the inability to “convert” the signal to the 
same wavelength it had at the input (leaving the carrier wavelength unaltered, 
that is). This would impose severe restrictions to the performance of the 
network as a whole, because of the possible output channels for a node one 
would not be able to use, thus increasing the blocking probability [155]. 
Another challenge for the optical node is the need of fast tunable filters that 
would select the optical channel to be re-transmitted, while suppressing the 
other unwanted wavelengths that might be present at the output of the node 
[156]. A way to overcome both of these problems would be to combine the 
label erasing process with a wavelength conversion to an intermediate 
wavelength chosen to be different from the channels used in the labelled 
network. The label insertion process could then be combined with yet another 
wavelength conversion, that this time would select the carrier wavelength 
according to the wanted channel at the output of the node. In this way the 
same channel can be used as input and output, and the filtering can be fixed 
to suppress only the intermediate wavelength used between label erasing and 
label insertion. 
 
Hence, combining the previously presented label erasure and label insertion 
methods would be a promising solution for label swapping in IM/DPSK 
network nodes. The schematic diagram of the proposed method is presented 
in fig. 6.7, and consists of combining the label erasure module and the label 
insertion module described in the two last subsections. 
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Fig. 6.7. Label swapping process for IM/DPSK labelled signals with fixed filtering 
and possibility of re-usage of the wavelength channel. 
 
The BER curves of this label swapping process with wavelength conversion 
is shown in fig. 6.8. The results marked in green belong to the back-to-back 
performance of the payload and label. The extinction ratio of the IM was 
chosen so that the label would out-perform the payload by 4 dB. The results 
marked in blue are for the payload after the label was erased in an SOA and 
the signal was converted to the intermediate wavelength. Finally, the results 
marked in red are for the cascaded label erasure and new label insertion and 
when the signal was re-converted to the desired output wavelength. For a 
BER of 10-9, the overall penalty of the system was 1.6 dB for the payload, but 
was as high as 8 dB for the label. The reason for this worsened performance 
for the label was the enhancement of the ER that the payload experienced in 
the process. As discussed in Section 2.1, the performance of the label is much 
dependent on the ER of the payload. Therefore, an improvement on the ER of 
the payload would in turn mean a degradation on the performance of the 
label. Careful optimisation would ensure that the IM ER would be kept at a 
constant level, thus drastically reducing the penalty of the label. 
 
Fig. 6.8. BER performance of the label swapping process for IM/DPSK signals. 
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6.1.4  DPSK label swapping in HNLF 
 
In Section 5.1.1 it was observed that a highly non-linear fiber (HNLF) could 
be employed for wavelength conversion by using the effects of cross-phase 
modulation (XPM) on the accompanying CW carrier. This effect is only 
dependent on the intensity of the  data signal. Thus, an IM/DPSK labelled 
signal would lose its phase information while being wavelength converted by 
this method. The remaining payload after label erasure, could then be phase 
modulated in order to add a new label to the signal. 
 
This section presents the results of this method of label swapping for 
IM/DPSK labelled signals. The filtering method employed was the 
Kerr-switch analyzed in Section 5.1.1. It is based on a polarization beam 
splitter (PBS) that, for proper alignment, blocks the incoming signal in the 
absence of a pump. XPM would induce a polarization rotation in the signal, 
which would allow part of the CW to pass through the PBS. The IM payload 
data was copied onto the new carrier through this method, while the DPSK 
information was lost. 
 
The experimental setup is shown in fig. 6.9. The signal source was a DFB 
laser at 1550.9 nm. The DPSK label information at 2.5 Gb/s (PRBS 223-1) 
was added to the laser source by a phase modulator. The payload information 
was the added by two external dual-drive Mach-Zehnder modulators (MZM) 
driven by a 40 Gb/s 8B/10B encoded data-stream, that provided an extinction 
ratio of 12 dB.  
 
 
 
Fig. 6.9. Experimental setup for label swapping of IM/DPSK signals through a 
HNLF and a Kerr-switch. 
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The optically labelled signal was input to the highly non-linear fiber (HNLF) 
for wavelength conversion and label erasure. A tunable external cavity laser 
at 1555.8 nm was used as CW input for the Kerr switch. The label-erased 
payload at the new wavelength then was re-injected to the phase modulator in 
order to insert the new label. An optical add-drop multiplexer was used to 
extract the signal after label swapping. At the receiver, the DPSK label 
demodulation was provided by a MZI with 8 cm length difference between 
its two arms. A low-pass filter with 1.8 GHz bandwidth was applied in the 
DPSK receiver to flatten the optical power distribution within one label bit 
and to remove the amplitude fluctuation induced by the intensity modulated 
payload. 
 
It should be noted that in the Kerr-switch, even if the DPSK label information 
is erased during the wavelength conversion process, an additional phase term 
of each pulse at 40 Gb/s is added to the converted signal. However most of 
this phase noise could be removed by the differential DPSK demodulation 
and by passing through a 1.8 GHz low-pass filter in the DPSK label receiver. 
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Fig. 6.10. Received eye-diagrams for the 40 Gb/s payload (above) and 2.5 Gb/s label 
(below). (a) and (c) before label  swapping; (b) and (d) after label swapping.  
 
The detected eye-diagrams for the 40 Gb/s payload before and after label 
updating are shown in fig. 6.10 (a) and (c), respectively. Fig. 6.10 (b) and (d) 
show the eye-diagrams of the DPSK label. Very clear and open eyes could be 
obtained for both the payload and label after label swapping. Because of the 
residual phase shift introduced by the Kerr switch, the payload ER after the 
wavelength conversion was slightly degraded to 9 dB to ensure the label 
detection. 
 
Fig. 6.11 shows the BER curves for the label swapped signal compared to the 
non-swapped signal. The penalties for a BER of 10-9 were 4 dB for the 
payload and 0.3 dB for the label.   The higher degradation of the payload was 
due to the reduction of its ER in order to preserve the performance of the 
label. 
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Fig. 6.11. Measured BER for the IM  payload and the DPSK label with and without 
label swapping. 
 
 
6.1.5  DPSK/IM label swapping  
 
An alternative way of employing intensity and phase modulation 
orthogonally, would be to modulate the label in the intensity and the payload 
in the phase of the carrier, as described in Section 2.1.2. This section presents 
a method of erasing the IM label at 2.5 Gb/s while keeping the DPSK 
payload information at 40 Gb/s for further use in the network. The method is 
similar to the one used in the DFB/EAM FSK source described in 
Section 2.2.1, in the sense that it makes use of the inverted intensity data to 
drive an electro-absorption modulator (EAM) in order to remove the intensity 
modulation. 
 
The setup for the experiment is shown in fig. 6.12. The signal generator was 
described in detail in Section 2.1.2. It consisted of a laser source emitting at 
1550 nm, that was phase modulated at 40 Gb/s in order to encode the payload 
information. After that, an EAM was used to modulate the 2.5 Gb/s intensity 
label while keeping the phase untouched [158].  
 
At the receiver, the labelled signal was split using a 3 dB optical coupler. The 
output of one arm was used for label detection by filtering and direct 
detection by a photodiode.  
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Fig. 6.12. Experimental setup for label erasure in the DPSK/IM format. 
 
From the second output of the splitter, the labelled signal was input to 
another EAM driven by the inverted label data with suitable delay and 
amplitude for label erasure. In a real system this would be performed with the 
detected label, but in the present setup, the original data source was used. In 
this way, the signal exhibited an almost flat intensity, while the phase 
containing the payload information still was modulated. This was feasible 
because the chirp induced by the EAM was negligible, as shown in [149].  
 
      
(a)                                                                 (b) 
 
Fig. 6.13. Eye diagrams of the  payload (a) without label erasure, (b) with label 
erasure. 
 
Fig. 6.13 shows the eye-diagrams of the demodulated payload before and 
after the label erasure process. The figure illustrates clearly why the detection 
of the payload was much enhanced when the intensity modulated label was 
removed from the data stream. After label erasure, a good eye pattern of the 
demodulated payload was received. The received IM label eye diagrams were 
not affected by this process and were therefore identical to the ones presented 
in fig. 2.17 of Section 2.1.2.  
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Fig. 6.14. Measured BER results for the payload and label. The inset figure shows 
the optical spectra of the labelled RZ-DPSK signal (dashed line) and after label 
erasure and demodulation (solid line).  
 
Fig. 6.14 shows the BER curves in the back-to-back case and after label 
erasure. This method requires the erasure of the label in order to properly 
detect the payload. Therefore, a DPSK payload signal without labelling was 
measured, in order to compute the penalty of labelling and erasing that label. 
This penalty was found to be 2.3 dB. The inset figure shows the optical 
spectra for the labelled payload and the payload after label erasure and 
demodulation.  
 
  
6.2  IM/FSK label swapping 
 
Fig. 6.15 shows the schematic diagram of an SOA-MZI wavelength converter 
based label processing node, as suggested by [50] for the STOLAS network 
concept. A small part of the incoming optical power would be fed to the label 
processing circuit, that would define a new label through a look-up table. The 
new wavelength would be set by a tunable laser diode, and the incoming 
intensity-modulated payload data would be transferred to this new 
wavelength by an SOA-MZI, in the way described in Section 5.3. In the 
wavelength conversion process the old FSK information would be erased 
while the payload data would be copied onto the new wavelength. The new 
FSK label would be inserted by frequency detuning on the incorporated 
tunable laser.  
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Fig. 6.15. Schematic diagram for a label swapping node with an SOA-MZI based 
wavelength converter for orthogonal IM/FSK labelling .(Figure from [50]). 
 
This section will describe and compare label swapping techniques for 
IM/FSK labelled signals, based on SOA and/or EAM. Experimental results 
are presented for a payload data at 10 Gb/s and an FSK label at 312 Mb/s.  
 
 
6.2.1  FSK label erasure in SOA-MZI 
 
As shown in Section 5.3, an SOA-MZI, can effectively be used as 
wavelength converter. In the XPM process involved, the signal at the new 
wavelength only acquires de intensity of the payload, while the frequency or 
phase information will be lost. In this way, wavelength conversion in 
SOA-MZIs can be combined with the label erasure of the FSK label. 
 
 
 
Fig. 6.16.  Experimental set-up for FSK label erasure using an SOA-MZI wavelength 
converter. 
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The experimental set-up for label erasure is depicted in fig. 6.16. The optical 
FSK modulation was generated by a DFB/EAM source at 1549.3 nm, that 
later was intensity modulated. This produced a labelled signal with an IM 
payload rate of 10 Gb/s and an FSK label rate of 312 Mb/s, which was set to 
a power level of -9 dBm.  The CW source was a tunable ECL emitting at 
1554.1 nm with a power level of 0 dBm. These two signals were injected into 
the SOA-MZI, where the wavelength conversion would take place, thus 
erasing the FSK label. At the output of the SOA-MZI, an AWG based 
multiplexer was used to filter out the converted signal.  
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Fig. 6.17.  Received eye diagrams of the label erased payload. 
 
The output payload eye diagram after label removal is shown in fig. 6.17. For 
an input payload extinction ratio of 4.5 dB, the output signal had an 
extinction ratio of 12.9 dB, resulting in an increased receiver sensitivity of 
2 dB compared to the back-to-back case, clearly demonstrating the 2R 
regenerating capabilities of the SOA-MZI. 
 
 
 
Fig. 6.18. BER curve for an IM payload at 10 Gb/s after label erasure in an 
SOA-MZI wavelength converter. 
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Fig. 6.18 shows the BER curves for the label erasure compared to the 
back-to-back configuration of the IM/FSK signal. The receiver sensitivities at 
a BER of 10-9 were -32.6 dBm for the label and -24.2 dBm for the payload 
respectively. The label erasure process enhanced the performance of the 
payload by 1.7 dB, because of the increased ER of the output signal. As it 
was discussed in Section 2.2.1, this ER would probably be too high if a new 
FSK label had to be impressed on top of the IM signal. The settings for the 
SOA-MZI should therefore be adjusted in order to have a more moderate ER, 
unless the node was an edge node were the payload was to be directly 
detected or re-transmitted without re-labelling.  
 
 
6.2.2  FSK label insertion in SOA-MZI 
 
The same SOA-MZI wavelength converter can be used as a label insertion 
circuit, if the new FSK label is modulated on the new carrier before it is 
inserted into the device. Compared to the last scheme, it only means using an 
FSK modulated signal instead of a CW signal at the input of the SOA-MZI 
converter. The signal output of the SOA-MZI would then consist of the 
original payload data, converted to the FSK signal wavelength, with the 
superimposed FSK label modulation. The experimental set-up is shown in 
fig. 6.19. 
 
 
 
Fig. 6.19.  Experimental set-up for FSK label insertion using an SOA-MZI. 
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The eye diagrams of the payload and the detected label after label insertion 
are shown in fig. 6.20. As mentioned in the last subsection, a high 
regeneration in the SOA-MZI would lead to degradation of the label, due to 
the fact that for a proper detection of the FSK signal, a certain power level in 
the ‘zero’ bits should be present. The ER of the input signal was measured to 
be 5.1 dB and an ER of 4 dB was achieved at the output of the SOA-MZI 
adjusting the current settings to a sub-optimum configuration. 
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Fig. 6.20.  Received eye diagrams of (a) label and (b) payload after label insertion. 
 
Fig. 6.21 presents the optical spectrum of the setup. From fig. 6.21 (a) it can 
be observed that there was not a substantial spectral broadening due to the 
label insertion. This indicates that the chirp introduced by the SOA-MZI had 
therefore no effect on the performance, which is in accordance with the chirp 
measurements and simulations results presented in [50]. 
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Fig. 6.21.  (a) Optical spectra of the pure FSK and the IM/FSK signal, (b) optical 
spectra of the FSK signal and demodulated FSK signal. 
 
The resulting BER curves are presented in fig. 6.22, compared to the 
back-to-back case. For a BER of 10-9, the receiver sensitivity was -31 dBm 
for the label, and -23.5 dBm for the payload. No substantial degradation of 
the receiver sensitivity was observed in the label insertion process. The BER 
of the inserted label had a different slope than the back-to-back FSK label 
(that did not traverse the SOA-MZI module), indicating that the dominant 
source of noise might have varied in this case [159]. 
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Fig. 6.22. Measured BER curves of the payload and label after label insertion. 
 
 
6.2.3  FSK label insertion in EAM 
 
 
 
  Fig. 6.23. Experimental set-up for FSK label insertion using an EAM. 
 
Cross-absorption modulation (XAM) in an EAM can also be employed for 
FSK label insertion. As discussed in Section 6.1.2, the chirp induced by 
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EAM-based wavelength conversion is negligible, thus the angular 
modulation of the probe and pump signals are not affected  in the wavelength 
conversion process [149]. 
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Fig. 6.24. Received eye diagrams of (a) the label and (b) the payload after label 
insertion. 
 
The experimental set-up for FSK label insertion based on this technique, is 
shown in fig. 6.23. A DFB/EAM source generated an FSK modulated signal 
at 312 Mb/s based on a PRBS with a pattern length of 27-1. At the same time, 
a CW light beam generated by a tunable laser working at 1554.1 nm was 
intensity-modulated in a MZ-modulator at 10 Gb/s with a PRBS with pattern 
length of 29-1. These two signals were injected into an EAM in counter 
propagation, where wavelength conversion, performed through XAM, copied 
the IM information onto the FSK signal. The EAM needed high levels of 
power as input, so the optical power of the IM payload was set to 23.5 dBm, 
while the label was set to 12.5 dBm. After wavelength conversion, the 
original payload carrier was filtered out through an optical filter with a 
bandwidth of 1.6 nm, after which the signal was split for payload and label 
detection. 
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Fig. 6.25. BER versus input power for label insertion in the IM/FSK  labelling 
scheme. 
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Fig. 6.24 shows the received eye diagrams of the payload and label after label 
insertion, clearly showing that the IM information was successfully 
duplicated onto the new carrier with the new FSK label. The input ER was 
adjusted to 4.5 dB, while at the output the ER was measured to be 4 dB.  
 
BER measurements are shown in fig. 6.25, indicating an enhancement in 
performance of both payload and label of around 1 dB for a BER of 10-9. The 
drawback of this label insertion scheme is the high levels of power needed to 
make the method effective.  
 
 
6.2.4  FSK label swapping in SOA-MZI 
 
Based on the experience gained through the experiments of 
Sections 6.2.1 and 6.2.2, the label erasure and insertion processes could be 
combined in one single operation, by employing an SOA-MZI. The 
schematic diagram of the method is presented in fig. 6.26. An IM/FSK 
labelled signal is inserted in the data input of the SOA-MZI, while the new 
FSK label is modulated on to the new carrier wavelength and inserted into 
the CW input of the SOA-MZI. The wavelength conversion process in the 
device will copy the IM payload onto this new labelled signal. An 
appropriate band-pass filter at the output of the wavelength converter would 
ensure that the output of the system is the new FSK label at the new 
wavelength with the IM payload impressed on top of it. In this way, the 
whole label swapping is performed with the help of one single device, 
provided that the new FSK signal is available at a different wavelength than 
the old FSK label to be erased. 
 
 
 
Fig. 6.26. Principle of IM/FSK label swapping employing a single SOA-MZI. 
 
Although, a counter-propagation mode of operation could be used for being 
able to re-use the same wavelength for the input and output signals, the 
SOA-MZI under study showed insufficient performance for data rates above 
5 Gb/s for this mode of operation. This result is in accordance with the 
numerical investigation performed in Section 5.3.1. 
 
Fig. 6.27 shows the experimental setup. A GCSR laser was FSK modulated 
with a PRBS signal at 312 Mb/s. Its output was then intensity modulated at  
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Fig. 6.27. Experimental setup for label swapping in SOA-MZI. 
 
10 Gb/s by a chirp-free MZ modulator. This IM/FSK signal at 1562.1 nm 
was set to -9 dBm and input to the SOA-MZI as the data input. A pure FSK 
signal was generated by a DFB/EAM source at 1549.0 nm and amplified to 
4 dBm, before being input to the CW arm of the wavelength converter. The 
device proved to be extremely sensitive to polarization and power levels, but 
after careful optimization and filtering, the IM payload impressed onto the 
new FSK label at 1549.0 nm was present at the output and ready for 
detection. 
 
(a)                                                            (b) 
 
(c) 
Fig. 6.28. Spectra of label swapping in SOA-MZI. (a) “old” IM/FSK signal, (b) new 
label to be inserted and  (c) output signal with the “old” payload and the new label. 
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Fig. 6.28 shows the spectra of the input and output signals. The FSK 
modulation of the GCSR laser at the selected wavelength in fig. 6.28 (a) was 
degraded because of the wavelength dependence of the performance of these 
lasers, but the impact of this to the system was negligible, given that this was 
the FSK label to be erased. The DFB/EAM source in fig. 6.28 (b) on the 
other hand, presented a remarkable FSK spectrum with the desired tone 
spacing of 20 GHz. At the output, the imposed IM payload broadened this 
spectrum as shown in fig. 6.28 (c). 
 
 
(a )50 ps/div                                               (b) 1 ns/div 
 
(c) 50 ps/div                                               (d) 500 ps/div 
 
(e) 50 ps/div                                              (f) 1 ns/div 
 
Fig. 6.29. Eye diagrams of label swapping in SOA-MZI. (a) input IM payload, 
(b) detected input FSK label, (c) optical output IM payload, (d) optical output FSK 
label, (e) detected electrical IM payload and (f) detected electrical FSK label. 
 
Fig. 6.29 shows the eye-diagrams of the signals at various points in the 
system. The payload eye-diagrams are shown at the left and the label at the 
right with dark background. At the top of the figure, the input signals are 
shown. It is clear that the detected (and thus electrically filtered) FSK label at 
the input was not optimized, but given that this was the label to be erased, 
this did not have a real impact on the measured performance of the system as 
a whole. The middle of fig. 6.29 shows the output of the SOA-MZI. The IM 
payload has been slightly degraded by the more efficient new FSK label. For 
the demodulated label, the pattern dependence introduced by the 10 Gb/s IM 
payload is very clear. However, the eye diagram remains open and the FSK 
label is properly recovered. The bottom of fig. 6.29 shows the benefit of 
electronic filtering at the receiver. The presented eye-diagrams correspond to 
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the same signals as the middle of the figure, but in this case the electrical and 
filtered signals are shown. This indicates that careful optimization of the 
electrical bandwidth at the receivers may significantly enhance the 
performance of the system as a whole. 
 
In the setup, various combinations of input wavelengths were tested. The 
regenerating effect of the SOA-MZI depended on power level, current 
settings and polarization, which as a result gave a variety of ER values at the 
output. Fig. 6.30 shows the dependence of the BER on the received power for 
two such combinations of input wavelengths compared to the back-to-back 
performance of the signal. The sensitivity for the back-to-back case at a BER 
of 10-9, was -32 dBm for the label and -24 dB for the payload. The other two 
results presented correspond to swapping to a higher wavelength (1549.3 to 
1551.1 nm) and swapping to a lower wavelength (1550.1 to 1549.3 nm). The 
performance proved again to be highly dependent on the IM ER in the sense 
that when the payload performed best, the label was degraded and vice versa.  
 
 
Fig. 6.30. BER curves for label swapping in SOA-MZI for IM/FSK signals for  
various label swapping settings.  
 
 
6.2.5  FSK label swapping combining SOA-MZI and 
EAM 
 
Swapping the FSK label in an SOA-MZI in co-propagation as described in 
the last subsection, had the drawback that the same wavelength could not be 
used for the input and output signals. As mentioned earlier, for a network 
node, that would mean that one of the possible channels of the output could 
not be used, which would have a strong detrimental effect on the network 
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performance as a whole [161]. A way of overcoming this problem would be 
to erase the incoming label by converting the signal to an intermediate 
wavelength different from the ones used as channels in the network, and then 
use a second wavelength converter to select the desired channel and insert the 
new FSK label. A second benefit from this approach is that fast tunable 
filtering is avoided as discussed in Section 5.3.1. This approach can be 
achieved by first erasing the FSK label and converting the wavelength in an 
SOA-MZI as presented in Section 6.2.1, and subsequently impressing a new 
FSK label through a second wavelength conversion process in an EAM as 
discussed in Section 6.2.3.  
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Fig. 6.31.  Experimental set-up of cascaded FSK label erasure and insertion. 
 
Fig. 6.31 shows the set-up for this label swapping technique. A DFB/EAM 
source emitting at 1549.3 nm was used for both the label to be erased, and the 
new label to be inserted, thus proving the capability of re-usage of the same 
wavelength. The difference in paths from the original signal source and the 
re-insertion of a label ensured that the two signals were de-correlated and 
thus could be regarded as two different label sources. The labels consisted of 
PRBS signals at 312 Mb/s. The payload information at 10 Gb/s was added by 
a Mach-Zehnder modulator to one of the FSK label signals, thus producing 
an optically IM/FSK labelled signal. The CW input was provided by a 
tunable  ECL emitting at 1554.1 nm, which was regarded as the intermediate 
wavelength. At the output of the SOA-MZI, only the payload was present, as 
discussed in Section 6.2.1. This payload was amplified and fed into an EAM 
where FSK label insertion took place through XAM, as discussed in 
Section 6.2.3. 
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Fig. 6.32. (a) Received eye diagram of FSK label; (b) eye diagram of the IM 
payload; (c) received pattern of the label; (d) received pattern of the payload. 
 
The eye-diagrams and patterns of the updated FSK label and IM payload are 
shown in fig. 6.32. The FSK signal presented a considerable intensity jitter at 
its topmost level. Even if the intensity of the payload at its ‘one’ levels 
showed a fairly constant behaviour, the filtering of one of the FSK tones 
would at the same time degrade the IM spectra located around that tone, thus 
producing the intensity jitter. This did not have a detrimental effect on the 
FSK performance, as the label eye opening is defined at the lower part of the 
intensity ripples. 
 
Another advantage of label swapping based on cascaded SOA-MZI and EAM 
is that the ER of the payload could be adjusted by the non-linear absorption 
of the EAM. The ER of the input signal was measured to be 5.1 dB, while an 
ER of 4 dB was achieved at the output of the swapping system.  
 
Fig. 6.33. BER curves for label swapping combining SOA-MZI and EAM. 
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The results for the BER measurements for the FSK and IM signals after a 
complete label swapping are shown in fig. 6.33. For a BER of 10-9, the 
sensitivity was -33 dBm for the label and -23 dBm for the payload. For the 
back-to-back case, the sensitivities were -33 dBm for the label and -24 dB for 
the payload, hence it is observed that there is no substantial observed power 
penalty for either payload nor label by this method of IM/FSK label 
swapping. 
 
 
6.3  CSS label swapping 
 
One of the main benefits of carrier-suppressed sideband (CSS) labelling, is 
that the swapping process is very simple and almost identical to the 
generation of the signal. This is due to the fact that the sidebands are always 
obtained from the carrier itself that carries the payload information. 
 
The basic concept behind optical label swapping for CSS labelled signals is 
illustrated in fig. 6.34. The incoming label is separated from the payload 
through optical filtering and input to the label processing module. The pure 
payload is then amplified and split into two parts by a 3 dB splitter. In the 
first arm, the payload carrier is suppressed in the way described in 
Section 2.3, in order to extract the two sidebands. The new label is then 
modulated on these sidebands and combined with the second branch by 
another 3 dB coupler. Thus the new label is added on the payload and the 
label swapping process is accomplished.  
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Fig. 6.34. Schematic diagram of an optical sideband labelling node. 
 
The advantages of this scheme include that the modulation and detection of 
the payload and the label can be achieved independently, and no additional 
tunable lasers are necessary at the label-swapping node. Because the 
sidebands are directly generated from the payload carrier, the possibility of 
overlapping between the payload and label when using an external laser is 
totally prevented. 
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The label-swapping process relies entirely on the filtering of the payload and 
the generation of new sidebands where the new label will be modulated. This 
process is the same as the generation of the signal. Therefore, no additional 
penalty will be incurred when swapping the label, as the penalty will be the 
same as when generating the signal, as long as the ‘old’ label is sufficiently 
suppressed. The results are therefore equivalent to the ones presented in 
Section 2.3, where the generation of the signal was discussed. 
 
 
6.4  Time-serial IM label insertion in 
SOA-MZI 
 
Time-serial labelling is a way of overcoming the problem of synchronization 
between payload and label that other techniques may present. In the 
time-serial labelled network node presented in [134] for the LASAGNE 
project, the label would be extracted by the optical XOR operation performed 
in an SOA-MZI [30], between the intensity modulated packet and an 
all-optically extracted clock [63]. The details of this process fall outside the 
scope of this thesis, but can be consulted in [139] and [141]. 
 
This section presents numerical results of label insertion and wavelength 
conversion using SOA-MZIs for intensity modulated (IM) time-serial 
labelled signals consisting of a 40 Gb/s payloads and a 10 Gb/s labels. A 
solution is proposed to combine these functionalities in order to simplify an 
all-optical label swapping node. The simulations are based on specifications 
of commercially available SOAs and SOA-MZIs [135].  
 
 
6.4.1  Label insertion 
 
Label insertion of time-serial labels, could be realized simply by the use of a 
coupler. However, this coupler would introduce a residual phase-shift which 
would not be desirable for the system. On top of that, with just a coupler, it 
would be difficult to adjust and balance the power levels of the payload and 
label. Because of that, in the proposed all-optical node [134], all-optical XOR 
logic gates based on SOA-MZIs are the choice for optical label insertion. 
This scheme allows for control on the amplitude of both label and payload, 
thus making it easier to ensure a constant amplitude in the packet at the 
output of the node. Another benefit, is that the employed model could be 
combined with all-optical processing in the SOA-MZI module [130]. 
 
The schematic of the SOA-MZI and an illustration detailing the principle of 
operation as an XOR gate are shown in fig. 6.35, and explained in detail in 
[130]. The two input data streams and the CW-light are coupled into the 
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MZI, where the data signals are launched into the two SOAs. At the output of 
the interferometer, the CW-light from the two SOAs interferes either 
constructively or destructively depending on cosine of the phase difference 
between the light from each SOAs, and is thus controlled by the input data 
signals. This leads to a wavelength converted output signal that corresponds 
to a logic XOR of the two input data signals, as indicated by fig. 6.35 (b). 
This XOR logic gate also allows for reshaping the level of power levels of 
label and payload by conveniently adjusting the current into the different 
SOAs.  
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                                  (a)                                                             (b) 
 
Fig. 6.35. (a) Optical XOR gate based on SOA-MZI. (b) Phase change and the output 
of the XOR gate. (Figure from [130]). 
 
The simulations presented in Section 5.3.1, showed that the analyzed 
SOA-MZIs could be used for 40 Gb/s wavelength conversion in the 
single-arm configuration, and thus could be employed in the proposed 
labelling insertion scheme, provided a fast enough SOA recovery time 
(<30 ps) was available. In order to evaluate the performance of the label 
insertion scheme, the static transfer function was calculated for the 
constructive output of the SOA-MZI.  
 
 
(a)                                                              (b) 
 
Fig. 6.36. (a) Static transfer function for logic XOR from the constructive output. (b) 
Transfer function for the payload when the label power is 0 dBm.  
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Fig. 6.36 (a) shows the power level at the output as a function of the label and 
payload power levels when the CW input was set to 0 dBm, and the current 
to the SOA was 600 mA. Fig. 6.36 (b) shows the detailed curve for the 
payload, when the power level of the label and the CW signal both were 
0 dBm. A minimum transmission dip appears clearly at certain combinations 
of input payload and label power, which indicates that at these input power 
levels, the cross-phase modulation process gives a π phase difference 
between the two arms, and so the interference of the CW light at the output of 
the interferometer would be destructive. Very high output power levels could 
be obtained when the payload power was either less than -15 dBm or larger 
than 4 dBm as indicated by fig. 6.36 (b). 
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Fig. 6.37.  Receiver sensitivity as a function of payload  and label power levels.  
 
When the input signals contain data packets, the response of the system may 
vary. Numerical results were obtained for a simulation of a payload at 
40 Gb/s consisting of a PRBS of length 27-1, and a label at 10 Gb/s consisting 
of 4 bits. At the output, the BER was measured for the whole packet and the 
sensitivity for a BER of 10-9 was calculated. Fig. 6.37 shows the power 
resilience of the payload and label. The colour bar on the right shows the 
receiver sensitivity in dBm. Assuming an acceptable power penalty of 1 dB, 
the payload and label power levels should be lower than 0 dBm, and the 
power difference between them should be less than 1.5 dB. 
 
The time jitter between the payload and label would also be an important 
parameter for this label insertion module. For a simple setup where the 
payload and label were progressively misaligned in the temporal domain, and 
assuming an acceptable sensitivity penalty of 1 dB, numerical results indicate 
that the timing jitter between the signals should be less than 7.8 ps for the 
above mentioned packet format. 
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6.4.2  Combined label insertion and wavelength 
conversion 
 
The above proposed configuration schemes operate with co-propagating 
modulating data and CW signals. With co-propagating signals, the potential 
of SOA-MZI operation speed can be fully exploited. However, it is necessary 
to place a filter at the output port to filter out the modulating signals. As the 
wavelength of CW signal changes fast in several nanoseconds, the center 
wavelength of the filter has to be aligned with the wavelength of CW signal 
at the same speed, as discussed earlier. The all-optical processing approach 
adopted in [134] would also require the filter to be controllable in the optical 
domain. Such an optical filter would be hard to design and fabricate. 
 
A further problem of employing SOA-MZI as building blocks for an 
all-optical network [134], is related to the fact that in the co-propagating 
mode of operation, the wavelength converter can not re-use the same 
wavelength for the output, as was mentioned in Section 6.2.4.  
 
 
 
Fig. 6.38. Combined label insertion and wavelength conversion by two cascaded 
SOA-MZIs and a CW laser. 
 
One way to overcome the difficulties listed above, would be to configure the 
SOA-MZI in the counter-propagating mode. However, such a scheme, 
though simple, presents a much smaller modulation bandwidth than the 
co-propagation scheme, as the results of Section 5.3 indicated. Another 
solution would be to construct a combined label insertion and wavelength 
converter module using two cascaded SOA-MZIs and one CW laser, as 
shown in fig. 6.38.  
 
The incoming 40 Gb/s payload pulses would modulate the upper arm of the 
first SOA-MZI, while the 10 Gb/s would be inserted in the lower arm. This 
standard-driven SOA-MZI stage, would transfer the new labelled signal onto 
a fixed intermediate wavelength set by an internal CW laser. This signal 
would easily be filtered by a fixed filter, and injected into the second 
differential-driven SOA-MZI as the modulating signal, given that the results 
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Fig. 6.39. Transfer function of cascading SOA-MZIs. 
 
of Section 5.3.1 indicated that the differential driven scheme was the most 
effective. The second SOA-MZI would receive the appropriate CW signal 
generated by the part of the optical node that decides on the output 
wavelength (in the node proposed by [134] it would be optical flip-flops as 
presented in [162]), and would transfer the modulating data onto it. At the 
output, a notch filter would be used to filter out the light generated by the 
fixed intermediate wavelength. In this way, the incoming pulses of both 
payload and label would be finally converted onto the wavelength set by the 
decision making part of the node.  This configuration avoids the need of 
tuneable filtering and allows for re-transmission on the same wavelength as 
the incoming packet, as well as allowing for an independent control on the 
power levels of payload and label. 
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Fig. 6.40. Degraded modulation performance induced by the cascaded 
configuration.  
 
Fig. 6.39 shows the calculated transfer function of two cascaded SOA-MZIs 
(solid line). Compared to the single stage scheme (dotted line). The transfer 
function of the cascading scheme presented a more steep transfer function, 
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implying a more effective reshaping capability, however, the overall 
modulation bandwidth would be somewhat degraded by the cascading 
operation. Fig. 6.40 shows the eye-diagrams of the output signals of the 
SOA-MZIs with single- and cascaded stages. The gain recovery time of the 
SOA was set to 10 ps, and in the differential driving scheme, the timing delay 
was set to 8 ps. In can be observed that, particularly in the single-arm driven 
case, cascading SOA-MZIs broaden the pulse width of the output signal.  
 
 
6.5  Chapter summary 
 
In this chapter, the issues regarding label swapping for optically labelled 
signals have been studied. The label swapping process was in many cases 
related to wavelength conversion (WC), that either was used to erase or insert 
the label. This showed in many cases beneficial to overcome the problem of 
not being able to re-use the same wavelength when wavelength conversion in 
a single stage was used. IM/DPSK labelling and IM/FSK labelling were 
experimentally investigated in the first place. After that, the label swapping 
process for carrier-suppressed sideband labelling and time-serial labelling 
were briefly discussed.  
 
Label swapping for the IM/DPSK signal was realized in active devices by 
label erasure in an SOA with a penalty of 2.5 dB, and label insertion in an 
EAM, which could enhance the performance of the payload. Combining both 
processes, rendered a labelling swapping system. However, the sensitivity of 
the new label was reduced mostly due to the regeneration of the ER of the 
payload, which caused a higher intermodulation cross-talk. 
 
The erasure of the DPSK label could also be performed in passive devices by 
realizing WC in a HNLF through XPM, in the same way as was presented in 
Section 5.1.1. The new DPSK label could then be impressed on the lightwave 
by a phase modulator. This technique was almost penalty-free for the label, 
when a 4 dB penalty was introduced in the payload. 
 
For the alternative DPSK/IM labelling method, label erasure was performed 
by injecting the conjugated data stream of the detected 2.5 Gb/s IM label into 
an EAM that thus removed the intensity modulation from the 40 Gb/s DPSK 
payload. This process of labelling the signal and removing the label 
generated a penalty of 2.3 dB. 
 
For IM/FSK labelled signals, label erasure was first realized employing an 
SOA-MZI as wavelength converter. The wavelength process was only 
dependent on the intensity of the signal, and thus the FSK information was 
erased. The setup also demonstrated the regenerative capabilities of the 
device. The same device was then used for FSK label insertion, by 
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modulating the CW input of the converter with the new label. This process 
showed no substantial power penalty. Combining these two approaches, 
became the basis for IM/FSK label swapping in a single device, and was 
experimentally tested for several combinations of wavelengths. The 
performance showed a high dependence on the input power levels and 
polarization states. The results were equally dependent on the degree of 
regeneration on the ER of the IM payload, which, if too high, would degrade 
the performance of the label. 
 
An alternative FSK label insertion was performed in an EAM, which showed 
an enhancement in performance of both payload and label of around 1 dB. 
However, the high levels of power needed to make this label insertion 
method effective made it less suitable for real networks. Nevertheless, label 
swapping of the IM/FSK signal was performed using an SOA-MZI for label 
erasure and an EAM for label insertion. Because of the possibility of 
controlling the ER of the payload in a more accurate way through the two 
stages, the overall penalty for the label swapping was 1 dB for the payload 
and inappreciable for the label.  
 
The SOA-MZIs were also contemplated for insertion of intensity modulated 
time-serial labels. The benefits of employing these devices are that the power 
level and regeneration of the payload and label can be controlled separately, 
and that the IM time-serial label possibly would not have to be separated 
from the payload, as the XOR operation of the old label and a bit pattern 
chosen to give as result the new label could be performed, as shown in [130], 
which would simplify the optical node.  
 
A numerical analysis of the label insertion was performed based on the 
specifications of commercially available SOAs and SOA-MZIs. The results 
indicate that the power levels of payload and label should be similar and 
lower than 0 dBm, and that the time delay between payload and label should 
be smaller than 7.8 ps.  
 
As in other cases when combining label insertion with wavelength 
conversion, a single SOA-MZI module, though effective, would not be 
suitable. This is because of the need for fast tunable filtering at the output, 
which would not allow for an output signal at neither the label nor the 
payload wavelengths, thus severely limiting the performance of the node. A 
double stage wavelength conversion and label insertion module was therefore 
proposed and briefly discussed. 
 
In conclusion, the methods for orthogonal optical label swapping were 
satisfactory in performance as long as the process involved was able to 
maintain the same ER for the payload. Otherwise, the degradation of either 
the payload or the orthogonal label would be severe when crossing several 
7.1. IM/DPSK transmission and label swapping 183 
nodes in a network. It was shown that CSS labelling employs the same 
techniques for generation and detection as for label swapping, and is 
therefore a simple technique to implement. Finally, for most optical labelling 
swapping nodes, the versatility of combining wavelength conversion with 
label swapping proved to be the most attractive solution, partly, because a 
complicated scheme of fast tunable filtering is avoided, and the network is 
not limited in terms of possible channels to be chosen as output. The 
presented techniques can therefore be regarded as promising methods for 
optical label swapping for all-optical labelled networks. 
 
 
 
 
Chapter 7  
 
Experimental integration of 
network functionalities 
 
 
 
Optical labelling is designed to work in all-optical networks in a transparent 
way. Both the wavelength label and the orthogonal label would be swapped 
at the intermediate nodes in order to build an appropriate optical path in the 
transmission fiber link. The payload on the other hand, would be kept in the 
optical domain. 
 
The various features that have been studied in this thesis so far, are aimed to 
work together as optical labelling sub-systems in such an all-optical network. 
The process would start with creating an optically labelled signal and 
transmitting it through a certain length of fiber, where it would reach a 
network node. In this node, the label would be extracted for processing, the 
signal would be wavelength converted and a new optical label would be 
re-inserted, thus having the new optically labelled signal present at the output 
of the node at the desired wavelength. At the nodes output, the signal should 
have the required quality to be re-sent over another length of fiber. This 
process would take place a certain number of times in the network before 
final detection in an edge node. 
 
All these functionalities should also be operable in a WDM environment. 
Although, at some intermediate nodes, it is possible that only some of the 
features could be necessary. A switch could have wavelength conversion but 
no label processing, for example. 
 
In previous chapter it has been shown that these optical features, necessary in 
the optical network, have a satisfactory performance at least for a BER 
of 10-9, when measured one at a time. However, the quality of the signal at 
each stage should be high enough for the next block in the system to be 
operable. 
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In this chapter, system experiments are presented for all the functionalities 
that an optically labelled network should perform, from the point of view of 
the physical layer. The focus will be on the performance of the system, not in 
building a real network. In that sense, most of the time, real packets will not 
be generated, instead continuous signals will be employed. The signals will 
carry no real processable information, but will consist of PRBS sequences. 
The aim in each case is a proof of concept of the labelling format and the 
applied techniques for labelling handling in the node from a systems point of 
view. 
 
Various bit-rates and several of the studied techniques will be employed. 
Generally the setup will include a signal generator, a fiber link, a label 
swapper/wavelength converter node, a second fiber link and a final receiver. 
Experiments will be presented for IM/DPSK, IM/FSK and time-serial 
labelling. In the last case optical packets will be created and handled. 
 
 
7.1  IM/DPSK WDM transmission and label 
swapping  
 
This section presents the experimental results of a WDM transmission and 
label swapping system for IM/DPSK labelled signals. The technique of 
8B/10B encoding the payload was carried out, showing the significant 
reduction of the cross-talk between the IM payload and the DPSK label, 
which was presented in Section 2.4. The system consisted of 4 channels 
where each payload was IM modulated at 40 Gb/s and each label was DPSK 
modulated at 2.5 Gb/s. These signals were transmitted over a 40 km 
compensated fiber link before one of them was selected for label swapping. 
 
The experimental setup of WDM transmission and label swapping is shown 
in fig. 7.1. The WDM source included four distributed feedback (DFB) lasers 
that were combined in a WDM multiplexer with a frequency spacing of 
200 GHz. The wavelengths of the lasers were 1549.3 nm, 1550.9 nm, 
1552.5 nm, and 1554.1 nm, respectively, in compliance with the 200 GHz 
ITU-standardized wavelength proposal. The payload data was 8B/10B 
encoded as described in Section 2.4. It was therefore possible to have an 
initial extinction ratio of the payload of 12 dB.  
 
The transmission span consisted of 40 km of standard SMF with a matching 
length of DCF in a post-compensation scheme. The dispersion at 1550 nm of 
the SMF and DCF were about 16.9 ps/nm/km and -100 ps/nm/km, 
respectively.  
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Fig. 7.1. Experimental setup for WDM transmission and label swapping of IM/DPSK 
signals. 
 
After this transmission span the optically labelled WDM signal was 
demultiplexed and channel 2 at 1550.9 nm was selected for label swapping. 
The signal emerging from the demultiplexer was amplified to 20 dBm and 
input to a HNLF for wavelength conversion and label erasure based on 
optical Kerr switch, as explained in Section 5.1.1. An ECL at 1555.8 nm with 
a power level of 15 dBm served as the CW input for the wavelength 
converter. In this way, the input IM/DPSK signal at 1550.9 nm was 
converted to a pure IM payload signal at 1555.8 nm. This label-erased signal 
was multiplexed with the 4 DFB lasers and re-injected to the phase modulator 
for insertion of a new label. An optical add-drop multiplexer was then used to 
extract the signal at 1555.8 nm after transmission and label swapping.  
 
As mentioned in Section 5.1.1, an additional phase term of each pulse at 
40 Gb/s is added to the converted signal during the label erasing process. 
However, for the slower DPSK label, this fast varying term could be regarded 
as phase noise and could be electrically filtered out by a 1.8 GHz low-pass 
filter at detection after the differential demodulation.  
 
Fig. 7.2 (a) shows the optical spectrum for the initial fully IM/DPSK 
modulated WDM signals. Fig. 7.2 (b) shows the spectra of the input (grey 
line) and the output (black line) of the HNLF. Fig. 7.2 (c) shows the 
reinserted label swapped signal as a new WDM channel. Finally, fig. 7.2 (d) 
shows the spectrum of the received signal after transmission, label swapping 
and selection from the OADM, ready for detection. The selected channel 
spacing proved enough for no inter-channel cross-talk to occur. 
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(c)                                                           (d) 
Fig. 7.2. Measured optical spectra for (a) initial 4×40 Gb/s IM/DPSK signals, (b) the 
input (grey line) and the output  (black line) of HNLF, (c) the reinserted channel to 
the WDM signal after wavelength conversion and label swapping, and (d) the 
received signal after transmission and label swapping and filtering, ready for 
detection. 
 
The detected eye-diagrams for the 40 Gb/s payload for the back-to-back case, 
after transmission and label updating are shown in the top part of fig. 7.3. At 
the bottom of the figure, the eye-diagrams of the DPSK label are shown. 
Very clear and open eyes could be obtained for both the payload and label 
after transmission and label swapping. Because of the residual phase shift 
introduced by the Kerr switch, the payload ER after the wavelength 
conversion was slightly degraded to 9 dB to ensure the label detection. 
 
(a) 10 ps/div 10 ps/div 10 ps/div
200 ps/div 200 ps/div 200 ps/div
(b) (c)
(d) (e) (f)  
 
Fig. 7.3.  Received eye-diagrams for the 40 Gb/s payload (above) and 2.5 Gb/s label 
(below). Back-to-back at the left, after transmission over 40 km fiber in the middle, 
and after  transmission and swapping at the right.  
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A BER of less than 10-9, could be achieved for all four channels after 40 km 
transmission. The receiver penalties of the payload were less than 1 dB, and 
the penalties of the label were less than 1.5 dB. Successfully transmission and 
label updating was demonstrated on channel 2, as shown in fig. 7.4. The 
cascaded transmission and label swapping resulted in 3.3 dB power penalty 
for the payload and 0.3 dB penalty for the label. The small penalty of the 
renewed label was not surprising, as this label was generated shortly before 
the receiver, but it shows that no residual phase was left in the signal. The 
penalty of the payload was mainly caused by the reduction on the ER after 
label swapping and the filtering process. It is envisaged that the performance 
of the payload could be further improved if a chirp-free wavelength converter 
was applied to the label erasure. 
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Fig. 7.4. Measured BER performance for WDM transmission and label swapping for 
a  IM/DPSK signal. 
 
 
7.2  IM/FSK system experiments 
 
While studying the IM/FSK orthogonal labelling format, several techniques 
were shown for the generation of the signal. In Section 2.2.1, a DFB/EAM 
source was presented and GCSR lasers were studied. Both types of sources 
will be used in this section. For the label swapping methods it was 
encountered that a single SOA-MZI could be used as a single stage 
wavelength converter and label swapping module. This method was put to 
use in a system experiment that transmitted the IM/FSK signal, label 
swapped and wavelength converted it, and re-sent it through a second 
transmission link. The results of this experiment will be presented in the first 
subsection.  
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A drawback of this single stage approach was identified to be that the 
incoming signal could not be converted to the same wavelength at the output 
port. This problem was solved by the next method in a double conversion 
technique. The signal was converted to an intermediate wavelength in an 
SOA-MZI that erased the old label, while an EAM was then used for label 
insertion and wavelength conversion to the desired wavelength. This double 
wavelength conversion approach was also implemented between two 
transmission links.  
 
Finally, the WDM capabilities of the IM/FSK signal in transmission and a 
label swapping node will be roughly assessed by sending the nearest channel 
along with the signal to be label-swapped and wavelength converted.  
 
 
7.2.1  Transmission and SOA-MZI label swapping 
 
A first node prototype of an all-optical switching network based on IM/FSK 
labelling will be based on label swapping and wavelength conversion in a 
single SOA-MZI, as described in Section 6.2.4. The experimental setup is 
illustrated in fig. 7.5. At the edge router, generation of an optical 156 Mb/s 
FSK modulated signal was obtained by a DFB/EAM source emitting at 
1549.3 nm. The optical FSK modulated signal, with a tone spacing of 
20 GHz, was then fed into an optical Mach-Zehnder intensity modulator 
operated at 10 Gb/s, resulting in a combined IM/FSK signal. The extinction 
ratio of the IM was adjusted to 6 dB. The combined IM/FSK optically 
labelled signal was amplified and launched into a dispersion compensated 
fiber link composed of 40 km of SMF followed by 7 km of DCF before 
reaching a label swapping node.  
 
 
 
Fig. 7.5. Experimental setup for IM/FSK label generation, transmission, label 
swapping in a single SOA-MZI wavelength converter and re-transmission. 
 
This node was implemented using an SOA-MZI with a frequency modulated 
GCSR laser emitting at 1550.1 nm and with a tone spacing of 10 GHz, as 
input. Through the wavelength conversion process, the old FSK label was 
erased while the new FSK label was inserted, as explained in Section 6.2.4.  
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(a)                                      (b)                                           (c) 
Fig. 7.6. Spectra of the signal at the swapping node: (a) pure FSK signal at 
1550.1 nm (new label); (b) output of SOA-MZI; (c) filtered output (IM/FSK signal at 
1550.1 nm) 
 
Fig. 7.6 shows the spectra of the signals at the label-swapping node. Due to 
the co-propagating operation of the SOA-MZI, the spectra of the new 
converted signal as well as the residual old signal are observable. As the two 
types of laser sources used in the experiment had different FM efficiencies, 
the two FSK signals show different modulation depths, hence the different 
spectral widths observed in the figure. An optical band-pass filter was used to 
remove the original, non-desired wavelength, before launching the signal 
again into another 40 km long dispersion compensated fiber link 
compensated by 7 km of DCF.  
 
After transmission, both payload and label were detected as shown in fig. 7.7. 
The eye diagram of the detected label at the receiver in fig. 7.7 (b) shows the 
degradation due to the smaller tone spacing of the new label generated by the 
GCSR laser, plus the cross-talk from the residual signal after wavelength 
conversion as shown in fig. 7.6 (c). In any case, the eye was open enough for 
adequate detection. 
 
  
(a) 2 ns/div                          (b) 2 ns/div                         (c) 50 ps/div 
 
Fig. 7.7. Eye-diagrams of the signal (a) detected label at the swapping node (old 
label); (b) detected label at the receiver node; (c) detected payload at the receiver 
node. 
 
Fig. 7.8 shows the measured BER performance as a function of the average 
received optical power. For the IM receiver, the sensitivity at a BER of 10-9, 
was measured to be -28 dBm. Which means that, only a 0.5 dB power 
penalty was measured for the IM payload after the 2 hop transmission with 
label swapping. Because the label is generated by two different FSK sources, 
it is not sensible to compare the FSK performance before and after label 
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swapping. However, the FSK modulated signal suffered a higher power 
penalty of approximately 2 dB due to transmission over the second span. This 
is attributed to imperfect dispersion compensation at this wavelength, which 
is critical with tone spacing as large as 10 GHz [165], as well as cross-talk 
from the IM payload due to non-linear coupling in the fibers.  
 
 
(a)                                                                          (b) 
 
 
Fig. 7.8. BER  curves for (a) label and (b) payload, for  back-to-back (blue), after 
transmission and label swapping (purple) and at the end of the whole system 
(yellow).  
 
Although the FSK performance suffers an average of 2 dB of power penalty 
in each span, including the wavelength conversion stage, this degradation 
would not affect the global network performance because a new label would 
be re-inserted at each node. The IM performance demonstrates the 
regeneration effect due to the interferometric behaviour of the SOA-MZI 
wavelength converter [166]. Therefore, a high level of scalability would be 
possible by using the combined scheme. 
 
 
7.2.2  Transmission and SOA-MZI/EAM label swapping 
 
The double wavelength conversion technique that employed an SOA-MZI for 
label erasure and an EAM for label insertion, was shown in Section 6.2.5 to 
be more flexible by being able to re-use the wavelength of the incoming 
signal. This subsection shows the results of this labelling technique when 
used between two transmission links. 
 
The experimental set-up is shown in fig. 7.9. The FSK modulated label at 
312 Mb/s (27-1 PRBS) was generated using the DFB/EAM technique 
described earlier. The payload information at 10 Gb/s (PRBS 29-1) was then 
added by an EAM, thus producing an optically IM/FSK labelled signal. The 
extinction ratio of the payload was set at 4.3 dB, as no coding method was 
used. This ensured that with the regenerating effect with respect to IM ER in 
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the label-swapper, the final ER had the required level for re-transmission and 
detection of both label and payload. 
  
 
 
Fig. 7.9.  Experimental set-up for two-hop transmission with label swapping in a 
double SOA-MZI / EAM stage. 
 
The first transmission hop consisted of 50 km of SMF with a matching length 
of DCF. The dispersion was 16.9 ps/nm/km for the SMF and -100 ps/nm/km 
for the DCF. In Section 3.2, the pre-compensation scheme was identified as 
having a better performance than a post-compensation scheme. Hence 
pre-compensated fiber spans were chosen for both fiber links. After the first 
transmission the optically labelled signal was input to the SOA-MZI for label 
erasure and 2R regeneration. A tunable external cavity laser at 1555.8 nm 
was used as CW input for the SOA-MZI. Very good label erasure and 2R 
regeneration could be observed at this stage. Due to its non-linear transfer 
function, the extinction ratio of the converted signal was greatly improved to 
12.9 dB, which lead to a 2 dB enhancement for the receiver sensitivity. The 
regenerated payload was then fed into an EAM as the pump signal for the 
label insertion process, where the ER of the label-renewed signal was adapted 
to the required value for re-transmission. The original FSK signal was split 
into two parts in order to use one of them as the second label source for the 
label insertion module, thus validating the re-usage of the same wavelength 
after the label-swapping node. 
 
As mentioned earlier, a limited extinction ratio is mandatory in the 
orthogonal labelling scheme. This relatively low extinction ratio could easily 
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be accomplished by adjusting the reverse bias of the EAM. The ER of the 
output signal of the label swapper  was set to 4.9 dB through this method. 
 
 
 
Fig. 7.10. Eye diagrams of the signal at various points in the system. 
 
The second hop consisted of 44 km of SMF with the corresponding DCF. At 
the receiver, the frequency discrimination for FSK demodulation was 
achieved by two optical filter stages providing more than 15 dB suppression 
ratio between the two FSK tones. 
 
Fig. 7.10 shows the eye diagrams at various points in the system. Some 
distortion was observable both due to transmission and label swapping. 
However, the eyes were kept open through out the system and the detection 
was successfully achieved. For the label at the end of the second 
transmission, it is clear that some payload information is superimposed onto 
the label after the FSK demodulation, however the eye was again still open 
and allowed for proper detection. 
 
Fig. 7.11 shows the BER curves in the back-to-back case, after the first hop, 
after the label swapper and after the second hop. The cascaded transmission 
and label swapping resulted in 1.9 dB power penalty for the payload and 
1.8 dB penalty for the label, thus validating this labelling scheme and 
label-swapping technique for network application. 
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Fig.7.11. Measured BER results for the payload and label after cascaded 
transmission and label swapping. 
 
 
7.2.3  Two channel network system experiment 
 
In Chapter 4, the influence of neighbouring channels in a WDM IM/FSK 
optically labelled transmission system was addressed. It was shown that, for a 
sufficient channel spacing, the influence (if any) could be reduced to the 
channels located closest in the spectral domain. In Chapter 5, the approach of 
label erasure and insertion combined with wavelength conversion in a single 
SOA-MZI was studied and found simple and effective, as long as the input 
and output wavelengths did not coincide. This findings, combined with the 
analysis on transmission of IM/FSK signals performed in Chapter 3, will 
serve as base for the experiment presented in this sub-section. 
 
Two IM/FSK channels were first transmitted over a 40 km transmission fiber 
link. Then one channel was dropped and label-swapped at the swapping node 
before being re-combined with the original non-swapped channel and being 
both re-transmitted over another 40 km fiber span, after which the swapped 
channel was dropped again for detection, where its performance was 
measured.  
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Fig. 7.12. Experimental setup for a 2 channel WDM transmission system with a 
label-swapping node. 
 
The system setup is shown in fig. 7.12. The three channels were emitted at 
1548.5 nm, 1549.3 nm and 1550.1 nm, respectively. The IM/FSK signals 
were generated at the transmitter node at wavelengths corresponding to 
channel 1 (1548.5 nm) and channel 3 (1550.1 nm) by GCSR laser sources at 
156 Mb/s. The payload information at 10 Gb/s was impressed on both these 
signals simultaneously by a MZ modulator. These two channels were 
transmitted over a dispersion compensated 44 km SMF span before reaching 
the label-swapping node. At the swapping node, the IM/FSK signal at 
channel 3 was label-swapped, and its wavelength changed to that of 
channel 2 (1549.3 nm). This signal was generated by a DFB/EAM source. 
The IM/FSK signals at channel 1 and channel 2 were then combined in a 
coupler and re-transmitted over another 44 km SMF span before being 
detected. 
 
Fig. 7.13 shows the measured spectra of IM/FSK signals at different points in 
the system. In all cases, the signals had a sufficiently large OSNR to ensure 
acceptable BER performance. Fig. 7.13 (a) shows the original channels 
generated by the GCSR sources. These sources are wavelength tunable, but 
their FSK response is highly sensitive to the chosen wavelength. Because the 
DFB/EAM source was fixed with regard to wavelength for the FSK 
operation, it was necessary to situate the other two channels around it. This 
meant that the GCSR sources were both working at a sub-optimum 
wavelength with regard to their FSK performance. This is the reason why the 
spectra of fig. 7.13 (a) shows two IM/FSK signals with a somewhat small 
tone spacing and modulation depth.  
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Fig. 7.13. Spectra of the IM/FSK signals. (a) Channel 1 and channel 3 at the source. 
(b) Output of the  label-swapping node. (c) Demultiplexed channel 2 at the receiving 
node. 
 
Fig. 7.13 (b) shows the re-combined signals after the label-swapping module. 
Channel 3 was wavelength converted into channel 2, that was using the more 
effective DFB/EAM source for label generation, which is the reason for the 
clearer FSK tones observable in channel 2. A residual tone at the old 
wavelength is still present, but suppressed by more than 30 dB. Finally, 
fig. 7.13 (c) shows the spectrum after filtering before the receiver. The 
filtered channels experience a suppression of almost 30 dB compared to 
channel 2 that was selected for detection. 
 
Fig. 7.14 shows the measured eye-diagrams of the different IM/FSK signals. 
The payload of channel 1 is shown in fig. 7.14 (a), which is the unaltered 
signal in the intermediate node. Fig. 7.14 (b) shows the payload of channel 3 
at the label swapping node, that was wavelength converted into channel 2, 
which is shown in fig. 7.14 (c). The FSK label of this new channel after 
re-transmission is shown in fig. 7.14 (d). 
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(a) 50 ps/div                          (b) 50 ps/div 
 
 
(c) 50 ps/div                                    (d) 2 ns/div 
 
Fig. 7.14. Eye-diagrams of IM/FSK signals: (a) IM payload of channel 1 at the 
receiver; (b) IM payload of channel 3 at the swapping node;  (c) IM payload of 
channel 2 at the receiver; (d) FSK label of channel 2 at the receiver. 
 
As already explained, in the entire transmission link, channel 1 is kept 
unaltered while channel 3 is terminated at the swapping node. Only channel 2 
experiences both the label-swapping and WDM transmission process. For 
this reason, only channel 2 is given a detailed analysis through BER 
measurements. In fig. 7.15, the performance of the FSK label and IM payload 
of channel 2 are compared with that of the back-to-back case, measured with 
the same source in order to make the comparison realistic. It can be 
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Fig. 7.15. Measured BER curves of channel 2 compared to the back-to-back case. 
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observed that WDM transmission and label-swapping introduce nearly 7 dB 
of power penalty to the FSK label, and 5 dB of power penalty to the IM 
payload. Those large penalty values are attributed to the relatively poor 
quality of the FSK sources used in the present experiment. Better sources, as 
expected to be provided in a commercial network, would alleviate this 
limitation. It would therefore be important to optimize the IM/FSK 
transmitter and the SOA-MZI to further improve the system performance. 
 
 
7.3  Time-serial labelling system experiment  
 
As a final approach to network node functionalities, a time-serial labelling 
scheme will be adopted. This section will present experimental investigation 
of the functionality of a network node with two-hop transmission and 
all-optical packet switching and wavelength conversion for an optically 
serial-bit labelled packet consisting of a 10 Gb/s label and a 40 Gb/s payload. 
Propagation over two transmission spans consisting each of 44 km standard 
SMF separated by a network node including packet switching and 
wavelength conversion functionalities will be implemented. 
 
In the proposed all-optical packed switched network in [134] the incoming 
payload at 40 Gb/s would be assigned a 10 Gb/s label, which would both be 
intensity modulated signals in the return to zero format. The nodes would 
perform routing and forwarding operations based on the information 
retrieved from the optical label. This would generate a gating signal to 
control the converted wavelength and the time-slot of the switched packet 
[14]. 
 
Node 1 Node 2 Node 3 
fiber span fiber span
λ1
λ2
packet A
packet B
.... gatingPackets
input
Packets 
output
λΝ
FBG
HN-DSF
label processing 
AOWC
λ1
AOWC
Packets 
outputλ0 
λ1 
λΝ 
λ0 
4bits64 bits 0.8ns
10 Gb/s label
0.4n s
40Gb/s payload 
packet A packet B
 
Fig. 7.16 System architecture for packet switching and wavelength conversion. 
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In the experiment, the packet length was 2.4 ns which included a payload of 
64 bits at 40 Gb/s, a guard band of 0.4 ns between payload and label and a 
label of 4 bits at 10 Gb/s. The guard band between two packets was 0.8 ns, as 
illustrated in fig. 7.16. 
 
The all-optical wavelength converter (AOWC) used XPM in a highly 
non-linear fibre followed by an optical filter [110], as explained in 
Section 5.1.1. If the incoming data is combined with a CW signal and sent 
through a highly non-linear fibre, the data imposes a phase modulation onto 
the CW light through XPM. This phase modulation generates optical 
sidebands on the CW signal, which can be converted to amplitude 
modulation by suppressing the original CW signal and filtering out one 
sideband in an optical band-pass filter.  
 
In the experiment, a gating XPM scheme was implemented, by replacing the 
CW signal with an optical gating signal, where XPM occurs effectively 
during the gating period, when the gating signal is at its ‘high’ state, as 
shown in fig. 7.17.  
 
 
 
Fig. 7.17 Principle of optical wavelength  switching through the use of a gating 
signal as input to the HNLF wavelength converter. 
 
In this way, the gating signal – that would be controlled by the label 
information – would select the appropriate packets for wavelength 
conversion, thus realising packet switching in the time domain at the same 
time. For a full operational node, several of these AOWC could select the 
appropriate packets at the appropriate wavelengths for each output fiber of 
the node. 
 
The experimental setup is shown in fig. 7.18. The packet generator consisted 
of an external-cavity laser (ECL) emitting at 1558.8 nm, and two external 
dual-drive Mach-Zehnder modulators. The first modulator generated a 
40 GHz RZ pulse train with 33% duty cycle. The second modulator was 
driven by a packet stream consisting of two alternated 40 Gb/s packets, 
named types I and II, from here on. The payload data was 64 bits of random 
data, while the labels of packet I and II were set to 1001 and 1110, 
respectively. In order to allow for the clock recovery (CR) each label bit (at 
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10 Gb/s) was in practice made up of 4 bits at 40 Gb/s. The guardbands were 
then coded as 16 and 32 zero bits respectively. 
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Fig. 7.18. Setup of the time-serial labelling switching node experiment. 
 
The first transmission hop consisted of 44 km of SMF with a matching length 
of DCF in a post-compensation scheme. After this first transmission span the 
optically labelled signal was input to 1 km of highly non-linear fibre (HNLF) 
for the packet switching and wavelength conversion. A tuneable ECL was 
used as the probe for the AOWC. The probe signal was a gating signal 
generated by an intensity modulator driven by a 1.25 Gb/s data stream, as 
shown in fig. 7.17. This gating signal consisted of 8 bits which had four 
continuous ones and four zeros. Packet switching was then realized at the 
four continuous ones, the duration of which were equal to one packet length. 
Synchronisation of the incoming packets and the gating signal was achieved 
by changing the initial position of the four ones in the gating signal. In the 
proposed network, the gating signal would be obtained all-optically by an 
all-optical n-bit XOR gate and a series of optical flip-flops [168].  
 
The OADM1 connected immediately after the HNLF was used to suppress 
the pump signal. In a real network, the gating signal would be lasing 
constantly, but varying between the selected output wavelengths between 
packets. In the experiment this was performed by changing the probe 
wavelength between 1550.9 and 1555.2 and measuring the output for each 
case. In order not to change the setup and making the measurements more 
reliable, the system was made capable of handling both wavelength 
conversions. After the HNLF, the PM to IM conversion took place at the 
steep edge of a FBG with a centre wavelength at 1550 nm and an OADM2 at 
1555.8 nm. The performance of the AOWC was evaluated to be penalty free 
for conversion of a 40 Gb/s signal (PRBS 231-1) from 1559.0 nm to 
198  7. Experimental integration of network functionalities 
 
1555.9 nm. After the switching node, the emerging signal was re-sent 
through a second transmission hop consisting of 44 km of SMF and a 
matching length of DCF. 
 
At the receiver node, the labelled packet was split using a 3 dB optical 
coupler. The output of one arm was amplified and detected by a photodiode 
in order to provide clock recovery. The other arm was input to the 
pre-amplified receiver for BER analysis.  
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Fig. 7.19. Optical spectra and waveform of packet switching and wavelength 
conversion for (a) and (c) from 1559nm to 1550.9 nm, (b) and (d) from 1559nm to 
1555.2nm.  
 
The optical spectra after wavelength conversion are shown in 
fig. 7.19 (a) and (b), while fig. 7.19 (c) and (d) show the waveform of the 
initial packets (upper) and switched packets (lower). For the original stream, 
the packets are visible with their alternating labels in front of them. The 
lower part of the figure shows the selected packet after switching and 
wavelength conversion. Some amplitude distortion was visible in the packet, 
but the label and payload information was still clearly observable. The result 
is that packets of type I were switched to 1550.9 nm while packets of type II 
were switched to 1555.2 nm. The switching extinction ratio (defined as the 
ratio between the minimum power of the transmitted ones and the maximum 
power of the blocked packet) was higher than 12 dB. 
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Fig. 7.20. Measured BER results for the original packets and after 2-hop 
transmission, packet switching and wavelength conversion. The inset figure shows 
the waveform of demultiplexed four channels at 1550.9 nm.  
 
The 40 Gb/s BER analyzer used in this experiment was only able to test 
PRBS sequences, not user-defined patterns. In order to test the BER 
performance, the 40 Gb/s packets were detected by a 50 GHz photo diode 
and electrically demultiplexed to 4 tributaries at 10 Gb/s. These 4 channels at 
10 Gb/s were then input to a 10 Gb/s test-set which did allow programmable 
data patterns to be analyzed. Thus, the BER of the 40 Gb/s packet could be 
presented by 4 signal channels at 10 Gb/s. Fig. 7.20 shows the BER curves in 
the back-to-back case and after two-hop transmission, packet switching and 
wavelength conversion. The maximum power penalty for a BER of 10-9, was 
less than 1.5 dB for the converted packet II at 1555.2 nm. The BER of the 
converted packet I at 1550.9 nm was even slightly better than the 
back-to-back case. This can be explained by the fact that two packets 
generate errors in the back-to-back case while only one packet contributes to 
the bit error rate after wavelength conversion. Also, the data sequences of 
packets of type I and II were, different and pattern induced errors could have 
an effect in the measurements. The inset figures shows the waveform of the 4 
demultiplexed  channels for the signal converted to 1550.9 nm. All 4 
channels had very clear waveforms resulting in error-free detection. 
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7.4  Chapter summary 
 
In this chapter, the complete system functionalities of network nodes have 
been experimentally investigated with respect to different labelling schemes 
and in conjunction with transmission, thus setting up a system validation of 
optical labelling for all-optical networks. For some of the experiments, 
transmission of several wavelength cannels was added to the system 
validation. The optical IM/DPSK, IM/FSK and time-serial labelling schemes 
have been studied in each section. 
 
Firstly, a WDM transmission and label swapping for 4 IM/DPSK channels 
consisting of a 40 Gb/s payload and a 2.5 Gb/s label was presented. The 
overall penalty of 40 km of transmission and label swapping was of 3.3 dB 
for the IM payload and 0.3 dB for the DPSK label.  
 
For the IM/FSK labelling scheme, firstly, label erasure and insertion was 
simultaneously achieved in a single wavelength conversion stage for a 
10 Gb/s IM payload and a 156 Mb/s FSK label. Successful transmission of 
the combined IM/FSK signal over two hops of 40 km length, consisting each 
of a dispersion compensated SMF link, showed a 2 dB penalty for the label 
and a 0.5 dB penalty for the payload, which had been regenerated at the 
SOA-MZI wavelength converter. 
 
For overcoming the problem of filtering and validating the possibility of 
re-using the same wavelength for the output signal as for the input, a second 
network system experiment was setup for the IM/FSK scheme, in which label 
removal was accomplished in an SOA-MZI, while the FSK label insertion 
was achieved in an EAM. The power penalty of the cascaded transmission 
over 50 and 44 km of SMF, and the intermediate label swapping, was shown 
to be below 2 dB for both payload and label. The sensitivities after 
transmission, swapping and re-transmission were -31 dBm for the label and 
-22 dBm for the payload for this system.  
 
A 2 channel IM/FSK system with a channel spacing of 100 GHz, was also 
implemented. The signals were sent over a 44 km transmission link, after 
which just one of them underwent label swapping and wavelength 
conversion. The label-swapped signal was then re-combined with the other 
original signal, and re-sent over a second 44 km transmission link. The 
system achieved a BER performance of less than 10-9, but with the rather 
high penalties of 7 dB for the label and 5 dB for the payload. The origin of 
the penalty showed to be mostly the limited performance of the FSK sources. 
 
Finally, a packet switched network systems experiment was setup for 
time-serial labelled packets. The IM signal consisted of 10 Gb/s optical labels 
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followed by 40 Gb/s payloads, which were sent over a transmission span of 
44 km. After transmission, packet switching and gating-controlled all-optical 
wavelength conversion, based on a HNLF were performed. The selected 
switched packets (half of the original ones) were then re-sent over a second 
44 km span. The power penalty of the cascaded transmission, packet 
switching and wavelength conversion was shown to be below 1.5 dB. 
 
The results confirm the potential of optical labelling schemes for all-optical 
networks. The orthogonal labelling schemes would not suffer from a higher 
penalty on the performance of the label, given that it will be swapped at each 
node. The payload on the other hand will be likely to transverse several nodes 
and its performance and signal degradation has to be kept within acceptable 
limits. For the IM/FSK scheme the quality of the FSK sources proved to be 
one of the most important factors in order to improve the performance of the 
system. 
 
The results further demonstrate the potential for the realization of compact 
label swapping devices based on integrated SOA-MZI wavelength 
converters, assisted by agile tunable lasers. Such a compact label swapping 
modules would be a desirable key building block for future core networks. 
 
In conclusion, the successful experimental duplication of the system 
functionalities of a network node validate labelling and specially orthogonal 
labelling as a promising solution for all optical packet switched networks. 
 
 

 
 
 
Chapter 8  
 
Summary and conclusions 
 
 
 
In order to utilize the enormous transport capacities made available by wave 
division multiplexing (WDM) in a more flexible and efficient way, future 
optical networks are moving towards optical packet switching [172]. The use 
of optical labels to route and forward Internet protocol (IP) data without 
having to detect the payload is therefore a promising solution to overcome an 
eventual electronics bottleneck [21], [5]. In addition to the optical wavelength 
that can serve as an optical label in multi-protocol lambda switching (MPλS) 
schemes [8], a second level of optical label is still necessary for provisioning, 
maintaining, and restoring switched light-paths. All-optical label switching 
will therefore be used to route and forward packets in future high-speed 
networks independently of IP packet length and payload bit rate. Labels will 
be received and swapped at every node in a core network, while the payload 
information will be transparently forwarded with possible wavelength 
conversion [12].  
 
Several label-coding techniques have been reported, such as serial-bit 
labelling [134] or sub-carrier multiplexing [15]. Orthogonal modulation has 
been suggested as a novel method to perform optical label switching 
operations in order to increase the throughput of IP over WDM networks, 
combining intensity modulation (IM) with differential phase shift keying 
(DPSK) or frequency shift keying (FSK) on a single carrier  [48].  
 
In this thesis all-optical labelling has been studied with respect to its different 
functionalities, leading up to duplicating the system characteristics of a 
network node in an experimental setup, for various types of labelling 
methods. The investigation has been divided isolating the effects of the 
various system aspects. The analysis started with the generation of the signals 
and a study of their single channel and WDM transmission properties. This 
was followed by the system functionalities that would be expected of an 
all-optical node, which are wavelength conversion and all-optical label 
swapping. These investigations were assembled and summarized in an 
evaluation of complete systems experiments in which labelled channels were 
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generated, transmitted, wavelength converted, label-swapped and 
re-transmitted before detection. These complete systems experiments 
confirmed the potential use of the orthogonal labelling methods for all-optical 
networks. 
 
For the IM/DPSK labelling method, the transmitter requires a differential 
XOR operation of the data. This was however omitted in the experiments 
throughout the thesis, because a pseudo-random bit sequence (PRBS) 
becomes a shifted version of itself under this operation (see Appendix A). 
The demodulation of the DPSK label was performed in a Mach-Zehnder 
interferometer (MZI) with a one bit delay in one of the arms.  
 
After demodulation, the signal still showed the presence of the IM modulated 
payload, which would set a limit to the extinction ratio (ER) to be employed 
for the payload. This limit was numerically found to be of 9.5 dB, while in 
experiments a more conservative value of 3 to 6 dB was employed. For the 
performance of the system, it proved essential to optimize this value.  
 
It was further found that the system performance showed an improvement 
with increasing values of the ratio between the payload and label bit-rate, 
although a low label bit-rate would set a strong requirement on the laser 
linewidth. 
 
Transmission experiments suggested that pre-compensation scheme would 
result in a lower eye-opening penalty than post-compensation and that a 
slight under-compensation would be beneficial for the performance. 
Transmission over 80 km of non-zero dispersion shifted fiber (NZDSF) with 
pre-compensation showed less than 1 dB of transmission penalty, while an 
optimum span input power was found around 8 dBm. These results were not 
degraded by the WDM transmission of four channels with a 200 GHz 
spacing. 
 
A wavelength conversion (WC) of a IM/DPSK labelled signal through 
four-wave mixing (FWM) in a highly non-linear fiber (HNLF) was 
implemented, which kept the label information at the new wavelength. The 
conversion penalty for the label compared to the back-to-back case was 
1.6 dB. However, the regenerating character of the WC process forced to 
reduced even further the ER of the intensity modulation.  
 
Label swapping for the IM/DPSK signal was realized in active devices by 
label erasure in a semiconductor optical amplifier (SOA) with a penalty of 
2.5 dB, and label insertion in an electro-absorption modulator (EAM), which 
could enhance the performance of the payload. Combining both processes, 
rendered a labelling swapping system. However, the sensitivity of the new 
8. Summary and conclusions 205 
label was reduced mostly due to the regeneration of the ER of the payload, 
which caused a higher intermodulation cross-talk. 
The erasure of the DPSK label could also be performed in passive devices by 
realizing WC in a HNLF through cross-phase modulation (XPM). The new 
DPSK label could then be inserted using a new phase modulator. This 
technique was almost penalty-free for the label, when a 4 dB penalty was 
introduced in the payload. 
 
Finally, the WDM transmission and label swapping for 4 IM/DPSK channels 
consisting of a 40 Gb/s payload and a 2.5 Gb/s label was presented. The 
overall penalty of 40 km of transmission and label swapping was 3.3 dB for 
the IM payload and 0.3 dB for the DPSK label.  
 
The experimental results suggest that the orthogonal IM/DPSK modulation 
scheme could be a promising candidate for optical labelling in future 
IP-over-WDM networks, although a slow DPSK label would impose rigorous 
requirements on the linewidth of the source. Additionally, the temperature 
and mechanical stabilization of the 1-bit delay MZI used for DPSK 
demodulation would become a challenge.  
 
This led to an alternative approach, presented as the DPSK/IM scheme, 
where the payload was DPSK modulated while the label was IM modulated. 
This scheme showed  a slightly higher transmission penalty, but reduced the 
requirements on the laser linewidth, as the DPSK bit-rate was much higher 
(40 Gb/s in experiments). The label erasure was performed by injecting the 
inverted data stream of the detected IM label into an EAM that thus removed 
the intensity modulation from the DPSK payload. The process of labelling 
the signal and removing the label caused a 2.3 dB penalty. 
 
For the IM/FSK labelling scheme, a novel source for constant-amplitude FSK 
modulation was presented. It used a directly modulated DFB laser, and 
compensated the corresponding unwanted intensity modulation by an 
integrated EAM. However, small intensity ripples were still present at the 
output of the FSK source, due to the non-matching raising and falling edges 
of the DFB laser and the EAM. When this signal was intensity modulated at a 
much higher bit-rate, this ripple would limit the performance of the payload. 
One way to limit the detrimental effect of the intensity ripple would be to 
carefully synchronize the payload and label data streams, so that the ripple 
would occur mostly during the transition of two payload bits, another way to 
overcome the problem would be to employ coding methods that would allow 
for a higher IM extinction ratio. 
 
Another method for FSK generation is modulating the phase section of a 
GCSR laser, which proved to be highly tunable, but showed a wavelength 
dependent FSK response. The payload was in all cases added by a chirp-free 
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Mach-Zehnder modulator (MZM), while the FSK detection was realized 
suppressing one of the tones and directly detecting the resulting intensity 
modulated signal. 
 
An experimental comparison of the performance of the IM/FSK signal for 
three compensating schemes presented a much better result for the payload 
under the pre-compensating scheme, while the label was little affected by the 
various schemes. A slight under compensation proved to be favourable. 
Furthermore, transmission over 138 km of single mode fiber (SMF) and 
160 km of NZDSF was achieved. However, an observed reduction of the 
optimum ER for the payload would need to be taken into account when 
designing longer system. 
 
For an IM/FSK modulated signal in a WDM system, the stability of the 
optical components of the system proved to be of a crucial importance. A 
slight detuning between the center frequency of a filter and a labelled channel 
was shown to noticeably degrade the performance of the system, due to FSK 
to IM conversion. The performance of the IM/FSK channels proved to be 
highly dependent on the performance of the FSK sources. 
 
For IM/FSK labelled signals, label erasure was realized employing an 
SOA-MZI as wavelength converter. The wavelength process was only 
dependent on the intensity of the signal, and thus the FSK information was 
erased. The same device was then used for FSK label insertion, by 
modulating the CW input of the converter with the new label, which showed 
no substantial power penalty. Combinating these two approaches, became the 
basis for IM/FSK label swapping in a single device, which combined with 
two transmission spans showed a 2 dB penalty for the label and a 0.5 dB 
penalty for the payload. 
 
An alternative FSK label insertion was performed in an EAM, which showed 
an enhancement in performance of both payload and label of around 1 dB. 
However, the high levels of power needed to make this label insertion 
method effective made it less attractive. Nevertheless, label swapping of the 
IM/FSK signal was performed using an SOA-MZI for label erasure and an 
EAM for label insertion. Because of the possibility of controlling the ER of 
the payload in a more accurate way through the two stages, the overall 
penalty for a two hop transmission and label swapping was below 2 dB for 
both payload and label.  
 
In both the IM/DPSK and the IM/FSK labelling schemes, one of the biggest 
drawbacks, is the great amount of cross-talk that the payload impresses on 
the label. A way of overcoming this problem (and therefore being able to 
enlarge the ER of the IM payload) is using encoding formats for the IM 
transmission. When applying a coding technique to the payload that would 
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shift the most significant part of its power spectrum to higher values, the 
cross-talk will be suppressed significantly. Both Manchester-coding and 
8B/10B coding were used to generate such a spectral shift. 
 
A novel method to implement high-speed Manchester coding (MC) was 
presented in [96]. The generated Manchester encoded signal showed an error 
free performance, while applying the coding method for the IM/FSK scheme, 
showed a dramatically improvement in performance, by allowing the ER of 
the payload to be raised up to 13 dB. The drawback of MC is that it doubles 
the required signal bandwidth. Alternatively, 8B/10B coding only reduces the 
bandwidth efficiency by 20%.  A noticeable enhancement of the performance 
was achieved when applying this coding to the payload of both IM/FSK or 
IM/DPSK labelled signals. This method also proved useful in reducing the 
pattern dependent modulation response of GCSR lasers. 
 
Given that most labelling methods employ WC in the label swapping process, 
WC was implemented in passive and active devices for bit-rates of 40 Gb/s, 
regardless of labelling method. WC in a HNLF was used in a setup that 
exploited XPM created sidebands in conjunction with the appropriate optical 
band-pass filter. This approach proved to be much dependent on the 
effectiveness of the applied filtering method, although it has the advantage of 
being transparent to the bit-rate and highly effective at high bit-rates, as the 
processes involved are all-optical. 
 
An 40 Gb/s IM wavelength conversion was also achieved by XGM in an 
SOA. An alternative method for WC in active devices, was employing an 
SOA-MZI. These devices were investigated both numerically and 
experimentally. Various configuration schemes of SOA-MZI were analyzed. 
The results showed that the co-propagating differentially driven mode of 
operation relaxed the requirements on the SOAs involved and improved the 
performance, at the cost of having an extra delay and attenuator to optimize.  
 
The SOA-MZIs were also employed for insertion of intensity modulated 
time-serial labels. For this time-serial labelled scheme, a packet switched 
network systems experiment was setup. After transmission, packet switching 
and gating-controlled all-optical wavelength conversion, based on a HNLF 
were performed. The selected switched packets were then re-sent over a 
second span, showing and overall power penalty of less than 1.5 dB. 
 
A last introduced alternative to for all-optical labelling, was the CSS scheme, 
that is based on the carrier suppression of the payload and labelling 
modulation of the sidebands. The system is easy to implement and showed 
less than 1 dB in transmission penalty over 50 km of SMF. An advantage of 
the proposed transmitter is that the label and payload signals can be 
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controlled independently, allowing for an arbitrary label to payload power 
ratio.  
On the other hand, the performance of the label when employing the CSS 
labelling method is lower than the one of the payload, specially at high 
bit-rates. This is the opposite of the desired response of a labelled signal, 
although the sensitivity still showed to be of a high level. Another drawback 
is that the upgrading of the payload bit-rate would mean that its spectrum 
would be broadened, which in turn would imply that the sidebands should be 
further apart. This would have an impact on the system, in the sense that 
filtering and  sideband detection should also be changed throughout the 
network. 
 
In general, the results show that orthogonal labelling is a promising approach 
to ultra-high packet-rate routing and forwarding in the optical layer. At the 
same time, the limitation on the intensity modulated extinction ratio has to be 
carefully chosen for the given network, as a sub-optimized value it would 
have a detrimental effect for the network scalability.  
 
For the IM/FSK scheme the quality of the FSK sources proved to be one of 
the most important factors in order to improve the performance of the system, 
while for the IM/DPSK the requirements for the laser linewidth and the 
stability of the receiver were the main limitations. 
 
The experimental results suggest that transmission through network nodes 
would not drastically degrade the orthogonally modulated signals. The best 
choice for transmission dispersion design would be NZDSF in a hybrid- or 
pre-compensation scheme, while the optimum input power and payload ER 
have to be adjusted for each transmission link. These results confirm that the 
IM/FSK and IM/DPSK orthogonal labelling method are suitable for WDM 
systems and can be feasibly used in practice to upgrade metro-distance WDM 
transmission systems. 
 
It has been demonstrated that WC in passive HNLF is suitable for optical 
labelled signals at high bit-rates, as long as the filters involved are 
sufficiently sharp and stable. In active devices, the design has to match the 
requirements of the bit-rate of the signal, but offers a higher versatility and a 
looser requirement on filter stability. 
 
The methods for orthogonal optical label swapping were satisfactory in 
performance as long as the process involved was able to maintain the same 
ER for the payload. For most optical labelling swapping nodes, the versatility 
of combining wavelength conversion with label swapping proved to be the 
most attractive solution, amongst other things, because a complicated scheme 
of fast tunable filtering is avoided, and the network is not limited in terms of 
possible channels to be chosen as output. 
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The results further demonstrate the potential for the realization of compact 
label swapping devices based on integrated SOA-MZI wavelength 
converters, assisted by fast-switching tunable lasers. Such a compact label 
swapping modules would be a desirable key building block for future core 
networks. 
 
In conclusion, the successful experimental duplication of the system 
functionalities of a network node validate labelling and specially orthogonal 
labelling for all optical packet switched networks, confirming the orthogonal 
modulation scheme as a promising solution for future ultra-high speed 
IP-over-WDM networks. 
 

 

  
 
 
Appendix A 
 
Differential XOR operation  
with PRBS 
 
 
 
Pseudo random bit (PRBS) sequences are a type of Debruijn1 sequences, 
which are normally generated by the use of shift registers with feedback 
[173]. The general case of shift register generation is showed in fig. A.1 
 
 
 
Fig. A.1 : The general case of a shift register generating a PRBS sequence of period 
2N-1. 
 
The feedback is represented by the factors hj = 0,1. The new left bit, ai, is 
calculated as 
 
 ai = ai+1 hk-1 + ai+2 hk-2 + · · · +ai+k-1 h1 + ai+k h0  (1) 
 
An n-bit shift register can contain 2n different combinations of ones and 
zeros. However, only 2n-1 of these are possible states when generating 
sequences since the state consisting of all zeros will result in an output 
sequence of only zeros. Thus, from an n-bit shift register, the length of the 
sequence will be  
 
                                                     
1 A bit string of length 2n is called a (2,n)-deBruijn sequence if each of the 2n possible bit 
strings of length n occurs exactly once as a substring, where wrap-around is allowed 
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 N = 2n-1 (2) 
 
If we define hk = 1, equation (1) can be written as 
 
 
∑
=
+− =
k
j
jijk ah
0
0
 
(3)
 
 
this relationship between (h0, h1, …, hk) and (ai, ai+1, …, ai+k) holds for any i. 
What it really is saying is that taking any k bits from the PRBS sequence, and 
multiplying them by (h0, h1, …, hk) this will give us the next bit in the 
sequence, regardless of where we start from. 
 
Lets now consider the polynomial 
 
 h0 + h1x + ··· + hk xk (4) 
 
and the polynomial corresponding to N successive ai from the sequence 
 
 aN-1 xN-1 + aN-2 xN-2 + ··· + a1 x + a0 (5) 
 
The product of these two polynomials is 
 
( h0 + h1x + ··· + hk xk ) (aN-1 xN-1 + aN-2 xN-2 + ··· + a0 ) = 
= x N-1 ( h0 aN-1 + h1 aN-2 + ··· + hk aN-1-k ) + 
+ x N-2 ( h0 aN-2 + h1 aN-3 + ··· + hk aN-2-k ) + 
· 
· 
· 
+ x ( h0 a1 + h1 a0 + h2 aN-1 + ··· + hk aN+1-k ) + 
+ ( h0 a0 + h1 aN-1 + h2 aN-2 + ··· + hk aN-k ) 
(6) 
 
Counting powers of x modulo N and remembering that the sequence of ai’s is 
periodic with period N, also the indices of the ai’s may be counted modulo N 
in other words:  ai+N = ai. Using this, the coefficient of xp in (6) may be 
written 
 
 ( h0 ap + h1 ap-1 + ··· + hk ap-k ) = ∑
=
+−−
k
j
jkpjk ah
0
 (7) 
 
This is the same expression as (3) with i = p-k which means that the 
coefficient is 0. this is true for all coefficients in (6) so the product of the two 
polynomials is 0. Hence h(x) multiplied with any code word from the shift 
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register sequence, results in 0. In other words, h(x) may be interpreted as a 
multiplum of the parity check polynomial of the shift register code. This 
means that if a sequence gives zero when multiplied by h(x), it must be a 
code word of the PRBS sequence. 
 
If h(x) is primitive, i.e. it contains no factors of lower degree it simply is the 
parity check polynomial of the code. In this case the dimension of the code is 
k since hk=1 was defined. Thus, the code generated by the shift register has 2k 
code words that all will be the same word shifted a number of bits (given that 
the sequence is cyclical with period N). 
 
Table A.2 : Truth table of the XOR operation. 
 
inn outn-1 outn 
0 0 0 
0 1 1 
1 0 1 
1 1 0 
 
This is a proof of the linearity of the codes generated in this manner. 
Linearity in this context means that the sum of any two words in the code 
words must also be a code word. Addition of code words is performed bit by 
bit modulo 2 (i.e. no carry). 
 
 
Fig. A.3 : Generation of a differential encoded signal. 
 
For studying the differential encoder shown in fig. A.3, we notice that the 
output is generated by the XOR operation (sum without carry) of the input 
and the output delayed one position. That is 
 
 outn = inn ⊕  outn-1 (8) 
 
where bn is the input and an is the output. But the characteristics of the XOR 
operation (see Table A.2) imply that this can be rewritten as 
 
 inn = outn ⊕  outn-1 (9) 
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Let us therefore consider the case of summing a code word of length N with 
itself delayed one bit. Being the sum modulo 2, this would render the XOR of 
the sequence with itself delayed one bit. 
 
Delaying a cyclical sequence represented by a polynomial is simply 
multiplying it by xd being d the number of bits we want to the delay the 
sequence by, as shown: 
 
(a0 + a1 x + a2 x2 + ··· + aN-2 xN-2 + aN-1 xN-1 ) · xd = 
= aN-d + aN-d+1 x + ··· + a0 xd + ··· + aN-1-d xN-1 
(10) 
 
In particular a 1 bit delay would simply mean multiplying the polynomial 
by x. Hence adding a sequence with itself delayed one bit will be multiplying 
the polynomial representing that sequence by (1 + x). Our new sequence will 
then be 
 
(a0 + a1 x + a2 x2 + ··· + aN-2 xN-2 + aN-1 xN-1 ) · (1 + x) = 
(a0 + aN-1) + (a0 + a1 ) x + (a1 + a2 ) x2 + ··· + ( aN-2 + aN-1 ) xN-1 
(11) 
 
In order to make sure that this new sequence also is part of the code (i.e. the 
same sequence shifted a number of bits) we will have to multiply this 
polynomial by h(x). If the result is zero, we can conclude that it will be the 
same PRBS sequence delayed a certain number of bits. 
 
[ ( a0 + aN-1 ) + ( a1 + a0 ) x + ( a2 + a1 ) x2 + ··· + ( aN-1 + aN-2 ) xN-1 ] · 
· ( h0 + h1x + ··· + hk xk ) = 
 
= xN-1 [ h0 ( aN-1 + aN-2 ) + h1 ( aN-2 + aN-3 ) + ··· + hk ( aN-1-k + aN-2-k ) ] + 
+ xN-2 [ h0 ( aN-2 + aN-3 ) + h1 ( aN-3 + aN-4 ) + ··· + hk ( aN-2-k + aN-3-k ) ] + 
· 
· 
· 
+ x [ h0 ( a1 + a0 ) + h1 ( a0 + aN-1) + ··· + hk ( aN-1-k + aN-2-k ) ] + 
+ [ ( a0 + aN-1 ) + h1 (aN-1 + aN-2 ) + ··· + hk ( aN-k + aN-k-1 ) 
(12) 
 
still counting powers of modulo N and ai’s also modulo N (i.e. ai+N = ai). The 
coefficient of a given xp can be now written as 
 
[ h0 ( ap + ap-1 ) + h1 ( ap-1 + ap-2 ) + ··· + hk ( ap-k + ap-k-1 ) ] = 
= ( )∑
=
−+−+−− +
k
j
jkpjkpjk aah
0
1  = ∑
=
+−−
k
j
jkpjk ah
0
+ ∑
=
−+−−
k
j
jkpjk ah
0
1  
(13) 
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From (3) we know that each one of these are 0 (they are in fact the same 
as (3) taking i = p-k and i = p-k-1 respectively). Therefore, each of the 
components in (12) is zero and so is the product of h(x) with (11). This 
translates into each of the components on the right hand side of (9) being a 
PRBS signal. Therefore, the new sequence we are analyzing is a code word 
from the same code as the original one.  
 
From this we can finally conclude that the XOR function of a PRBS 
sequence with the sequence at the output of the operation delayed one bit, 
will result in the same sequence shifted a number of bits. In other words, the 
differential encoding of a PRBS signal gives as a result the same PRBS 
signal shifted a number of bits. The magnitude of this shift will depend on the 
values of hi in the shift register that generates the PRBS sequence. 
 
In order to view this, several PRBS sequences were generated by shift 
registers of respectively 7, 9 and 11 bits, and their correlation to the same 
sequence XOR with a 1 bit delay was calculated. The results are shown in the 
graphs below, showing clearly that after a certain delay the result is the same 
sequence. The discrete correlation used is defined as follows 
 
 ( ) ( ) ijj aaN
jN
i
++−
=
∑ −= 1
0
11ρ  (14) 
-0,2
0
0,2
0,4
0,6
0,8
1
1,2
 
Fig. A.4 : Correlation of a PRBS sequence generated by a 7-bit shift register and its 
XOR function with a 1 bit delay of the same sequence. The sequence is 127 bits long 
and the resulting shift is 6 bits. 
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-0,2
0
0,2
0,4
0,6
0,8
1
1,2
Fig. A.5. Correlation of a PRBS sequence generated by a 9-bit shift register and its 
XOR function with a 1 bit delay of the same sequence. The sequence is 511 bits long 
and the resulting shift is 383 bits. 
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Fig. A.6. Correlation of a PRBS sequence generated by a 11-bit shift register and its 
XOR function with a 1 bit delay of the same sequence. The sequence is 2047 bits long 
and the resulting shift is 1019 bits. 
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